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ཁࢫ
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ΊͷϝϞϦɾCPUؒ઀ଓͷߴ଎Խ΍ɺଟػೳɾߴ৴པੑͳӡసγεςϜ
Λ࣮ݱ͢ΔͨΊͷηϯαʔɾϓϩηαɾ௨৴ΠϯλϑΣʔεͷߴ౓ͳ༥
߹͕ٻΊΒΕ͍ͯΔɻ
ͦΕΒཁٻ΁ͷ౴͑ͱͯ͠ෳ਺ͷςΫϊϩδΛ TSV(Through Silicon
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1ୈ1ষ
ং࿦
1.1 ݚڀഎܠ
ۙ೥ͷফඅऀ੡඼ʹ͸࠷ઌ୺ٕज़͕޿͘औΓࠐ·Ε͓ͯΓɺ൒ಋମ͕
ͦͷத֩Λ୲͍ͬͯΔɻωοτϫʔΫαʔϏε޲্ʹ൐ͬͨܞଳ୺຤ͷ
ॲཧ଎౓ɾ෇Ճػೳͷ޲্ʹΑΓɺ౥ࡌ͞ΕΔϓϩηαͷॲཧੑೳͷ૿
Ճͱ࣮૷໘ੵɾ෦඼఺਺ॖখɺ͞Βʹܞଳ୺຤ͱ͔ͯܽͤ͠ͳ͍লిྗ
ಈ࡞ͷཱ྆ͷཁٻ͕͋Δɻ
ҰํͰӡసิॿγεςϜͷൃୡɾଟ༷ԽͷͨΊ৐༻ंʹ͓͚Δंࡌ൒
ಋମͷੑೳཁٻ΋ߴ·Δ܏޲ʹ͋ΔɻӡసิॿγεςϜʹ͓͍ͯ͸पล
ͷը૾͔Βෳࡶͳը૾ॲཧΛ༻͍৘ใΛҾ͖ग़͢͜ͱɺंࡌ൒ಋମʹ͓
͍ͯ࠷΋ॏࢹ͞ΕΔσΟϖϯμϏϦςΟͷཱ྆ͷཁٻ͕͋Δɻ
1.2 3࣍ݩ࣮૷΁ͷظ଴
ղܾࡦͷҰͭͱͯ͠ɺෳ਺ͷςΫϊϩδΛ 3࣍ݩੵ૚ (ϔςϩδχΞε
ΠϯςάϨʔγϣϯɺࠞࡌ 3࣍ݩੵ૚) ʹΑΓ݁߹͢Δ͜ͱ͕ڍ͛ΒΕ
Δɻ͜ͷ৔߹ɺΞφϩάɾσδλϧࠞࡌ SoCΛϫϯνοϓͰ੡଄͢Δख
ஈ΋͋Δ͕ɺେن໛ͳγεςϜͱͳΔ৔߹େ໘ੵԽʹΑΔาཹ·ΓྼԽ
΍ෳ਺ςΫϊϩδͷ࢖༻ʹΑΔ໘ੵ͋ͨΓͷίετ૿େ౳͕ݒ೦͞ΕΔɻ
ࠞࡌ 3࣍ݩੵ૚Ͱ͸ͦΕͧΕͷΞϓϦέʔγϣϯʹಛԽͨ͠ςΫϊϩδ
Ͱ࡞ΒΕͨνοϓΛੵ૚͢Δ͜ͱʹΑΓશମͷγεςϜΛߏ੒͢Δɻ(Ϩ
ΪϡϨʔλʹόΠϙʔϥɺϩδοΫʹCMOSɺηϯαʹMEMSɺ౳) ੡
଄͸֤૚ຖʹߦΘΕɺੵ૚ͷͨΊͷ௥Ճͷϓϩηε͕ՃΘΔɻද໘ͱཪ໘
Λܨ͙γϦίϯ؏௨ిۃ (TSV)ٴͼ࠶഑ઢ૚ (RDL)Λܗ੒͢Δ͜ͱͰɺ
೚ҙͷ૚ಉ࢜ͷ݁߹ɾૉࢠؒͷڑ཭ͷ୹ॖʹΑΓେ͖ͳੑೳ޲্ɺফඅ
ిྗͷվળ͕ݟࠐΊΔɻຊ࿦จͰ͸TSVΛ༻͍ͨ 3࣍ݩ࣮૷ʹয఺Λ౰
ͯɺҎ߱ 3࣍ݩ࣮૷ͷར఺ʹ͍ͭͯड़΂Δɻ
2 ୈ 1ষ ং࿦
1.2.1 ഑ઢ௕࡟ݮ
3࣍ݩ࣮૷͸ਫฏ഑ઢ௕࡟ݮͷͨΊͷखஈͱͯ͠ड़΂ΒΕΔɻೳಈૉࢠ
Λ΋ͭෳ਺ͷ૚͔ΒͳΓɺ਺ 10 μm௕ɺ਺mΩɺ1pHҎԼͷΠϯμΫλ
ϯεɺ਺ fFͷ༰ྔΛ΋ͭਨ௚ిۃ͕਺ेɺͳ͍͠͸਺ඦ μmͷਫฏ഑ઢ
ʹऔͬͯ୅ΘΔɻ͜ͷ͜ͱͰɺैདྷͰ͸֤ύοέʔδʹ෼ࢄ͞Ε͍ͯͨ
ϒϩοΫɺνοϓ಺ͷԕ͘཭ΕͨྖҬʹ౥ࡌ͞Ε͍ͯͨϒϩοΫ͕࠷୹ڑ
཭Ͱ઀ଓ͞ΕɺͦΕͧΕύοέʔδٴͼPCB഑ઢΛۦಈ͢ΔͨΊͷ I/O
͕ফඅ͢Δిྗٴͼ஗Ԇɺ਺mmຢ͸਺ेmmʹٴͿ഑ઢΛۦಈ͢Δͨ
ΊͷόοϑΝ͕ফඅ͢Δిྗٴͼ஗Ԇ͕େ෯ʹ࡟ݮ͞ΕΔɻΑͬͯTSV
ʹΑΔ഑ઢ௕࡟ݮ͸஗Ԇͱిྗͷ࡟ݮʹޮՌతͰ͋Δɻ
1.2.2 I/O਺޲্
TSVΛ༻͍ͨ 3࣍ݩੵ૚͸ɺैདྷͷνοϓपғͷ I/OύουΛ༻͍ͨ
઀ଓʹର͠ɺ2ͭͷνοϓ͕ॏͳΔ໘ੵશͯΛ࢖༻͢ΔɻI/Oύου͕࠷
খ 30 μmϐονఔ౓ [1]ʹର͠ɺ20 μmϐονͷ μ-όϯϓ [2]ͷݚڀ͕ਐ
ΜͰ͍Δ౳ɺϐονͦͷ΋ͷͷݶքʹ͍ͭͯ΋ 3࣍ݩ࣮૷઀ଓ͸༗རͰ
͋Δͱߟ͑ΒΕΔɻ
1.2.3 ҟछ౷߹
3࣍ݩ࣮૷ͷ࠷΋஫໨͞Ε͍ͯΔཧ༝ͱͯ͠ɺҟछ౷߹͕ڍ͛ΒΕΔɻ
γεςϜΛෳ਺૚Ͱ࣮ݱ͢ΔͨΊʹɺ֤ػೳϒϩοΫΛͦΕͧΕݸผͷ
૚Ͱ࣮૷ՄೳͰ͋Δɻྫͱͯ͠͸ɺϓϩηα౥ࡌ૚Λઌ୺ϓϩηεʹͯ
੡଄͠ɺσδλϧ৴߸ॲཧ෦ΛΞφϩά༻ͷ௿ίετϓϩηεɺηϯα
෦෼ΛMEMSϓϩηεͰ੡଄͢Δͱ͍ͬͨ͜ͱ͕ՄೳʹͳΓɺ͞Βʹͦ
ΕΒΛTSV݁߹ʹΑΓߴ౓ʹूੵՄೳͰ͋Δɻ·ͨɺϓϩηαͷϝϞϦ
όϯυ෯ͷେ෯ͳ޲্ͷͨΊϝϞϦͱϓϩηαΛ౷߹͢Δɺͱ͍ͬͨ༻
్Ͱ΋஫໨͞Ε͍ͯΔɻ
1.3 3࣍ݩ࣮૷ͷ෼ྨ
·ͨɺTSV࣮૷͞Εͨ 3࣍ݩ࣮૷Ҏ֎ʹ΋ଟ͘ͷ 3࣍ݩ࣮૷ํ͕ࣜఏ
Ҋ͞Ε͓ͯΓɺͦΕͧΕҟͳͬͨར఺͔Βɺ࠷దͳΞϓϦέʔγϣϯ΋ҟ
ͳΔɻຊઅͰ͸ 3࣍ݩ࣮૷ͷछผʹ͍ͭͯड़΂Δɻ3࣍ݩ࣮૷൒ಋମ͸ɺ
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৴߸઀ଓͰ෼ྨ͢Δͱ઀৮ܕɾඇ઀৮ܕ͕͋ΓɺͦΕͧΕʹར఺ɾ੍໿
͕ଘࡏ͢Δɻ͞Βʹඇ઀৮ܕ͸༰ྔ݁߹ͱ༠ಋ݁߹ɺ઀৮ܕ͸TSVͷ༗
ແɺੵ૚ํ๏౳ɺଟذʹΘͨΓ෼Խ͍ͯ͠Δɻ͜ΕΒͷଟछͷํ͔ࣜΒ
ΞϓϦέʔγϣϯͷੑ࣭ʹదͨ͠ํࣜΛબ୒͢Δ͜ͱ͕ॏཁͰ͋Δɻ
1.3.1 ඇ઀৮ܕ
ඇ઀৮ܕ͸ಉछͷνοϓΛ༻͍௨৴͢Δ͜ͱͰੵ૚લͷྑ඼൑ఆ͕༰
қͰ͋Γɺͦͷࡍ෺ཧతίϯλΫτͱൺֱ͠ϐϯ਺͕ଟ͘औΕΔͷ΋ར
఺Ͱ͋Δɻ઀৮ܕʹඞཁͳύουɾESDͷඞཁੑ͕ͳ͘ɺݪཧతʹੵ૚
ͦͷ΋ͷʹΑΔาཹ·Γ௿Լཁૉ͕ແ͍ͷ΋େ͖ͳར఺Ͱ͋Δɻ
1.3.1.1 ༰ྔ݁߹
༰ྔ݁߹ (Fig. 1.1(a))͸ 2ͭͷνοϓؒͷ఻ૹΛ༰ྔ݁߹ʹΑΓߦ͏ɻ
༰ྔ݁߹ʹΑΔҰํͷిҐมಈͷଞํ΁ͷ఻೻Λ৴߸௨৴ʹ༻͍Δɻ
ར఺ 1. ௨৴ʹඞཁͳ୺ࢠ਺͕ 1ͭͰࡁΉɻ
2. ϘϯσΟϯάύουΛඇ઀৮݁߹ɾ઀৮݁߹Ͱڞ༻ՄೳͰ͋Δɻ
3. ඍࡉՃ޻͕ෆཁͰ͋Δɻ
੍໿ 1. ۙ೥ͷඍࡉԽͨ͠ϓϩηεͰ͸ߴిѹ͕ѻ͑ͣɺ௨৴ڑ཭Λ͔
ͤ͛ͳ͍ɻ
2. ిքʹΑΔ௨৴Ͱ͋ΔͨΊɺதؒʹಋମ͕ଘࡏ͢Δͱ๦֐͞
ΕΔɻ
3. ௨৴Մೳڑ཭͕୹͍͜ͱͱ্ه੍໿ʹΑΓ 2૚Ҏ্ͷੵ૚͕ࠔ
೉Ͱ͋Δɻ
ੵ૚γεςϜʹ༻͍Δ৔߹ɺ֦ுੑͷ఺Ͱ༠ి݁߹͕༗རͱ͞ΕΔɻ
1.3.1.2 ༠ి݁߹
༠ಋ݁߹ (Fig. 1.1(b))͸ҰํͷίΠϧʹిྲྀΛྲྀ͠༠ಋىిྗʹΑΓ
ଞํͷίΠϧʹ༠ಋىిྗΛى͜͢͜ͱͰ௨৴Λߦ͏ɻ
ར఺ 1. ిྲྀۦಈͰ͋ΔͨΊۙ೥ͷ௿ిѹσόΠεʹ͓͍ͯ΋௨৴ڑ཭
Λ௕͘Ͱ͖Δɻ
4 ୈ 1ষ ং࿦
2. ্هͷར఺͔ΒҰରଟͷ௨৴͕ՄೳͰ͋Δɻ
3. ଟ૚ϝλϧΛ࢖͏͜ͱʹΑΓগ໘ੵԽ͕Ͱ͖ΔͨΊɺϓϩηε
ٕज़ͷԸܙ (ϝλϧ਺)Λड͚΍͍͢ɻ
੍໿ ίΠϧ࣮૷ʹඍࡉՃ޻͕ඞཁͰ͋Δɻ
TXRX
TXRX
TXRX Tier 1 
Tier 2 
Tier 3 
TXRX
TXRX
Tier 1 
Tier 2 
(b)
(a)
Figure 1.1: (a)Inductive coupling and (b) capacitive coupling.
1.3.2 ઀৮ܕɾνοϓपғ
طଘٕज़Λ༻͍ͯ໘ੵٴͼମੵ࡟ݮͷͨΊʹνοϓΛελοΫ͠ɺ఻
ૹ࿏ͷෛՙܰݮͷͨΊʹ֤νοϓؒͷ݁߹ઢ࿏Λ࠷খԽ͍ͯ͠Δɻ
طʹ੡඼ʹ͓͍ͯ΋޿͘༻͍ΒΕ͍ͯΔٕज़Ͱ͋Δɻ
1.3.2.1 ύοέʔδੵ૚
ύοέʔδੵ૚ (Fig. 1.2(a))Ͱ͸ɺύοέʔδΑΓ಺ଆ͸Ұൠతͳ࣮૷
ͱมΘΒͣɺύοέʔδͷ֎ଆͰ࠷খڑ཭ͷ഑ઢΛ௥ٴ͢ΔํࣜͰ͋Δɻ
ར఺ 1. PCB্ʹෳ਺࣮૷͢Δ৔߹ͱൺֱͯ͠دੜ੒෼͕গͳ͍ɻ
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2. ಛผͳ޻ఔ (ߴਫ਼౓ͳϘϯσΟϯά)Λඞཁͱ͠ͳ͍ͷͰޙड़
͢Δߴ౓ͳ 3࣍ݩ࣮૷ΞϓϦέʔγϣϯͷϓϩτλΠϓʹ࢖༻
Ͱ͖Δɻ
3. طʹύοέʔδϯά͞Εͨ੡඼Λར༻Մೳɻ
੍໿ 1. ௨ৗ͸ΜͩϘʔϧΛ࢖༻͢ΔͨΊɺ൓ΓʹΑΔ઀߹ෆྑʹཹҙ
͢Δඞཁ͕͋Δɻ(JEITA ED-7306)
2. ໘ੵ͸খ͘͞ͳΔ͕ߴ͕͔͞͞Έ΍͍͢ɻ
1.3.2.2 ϫΠϠϘϯσΟϯάํࣜ
ϫΠϠϘϯσΟϯάํࣜʹΑΔੵ૚ (Fig. 1.2(b))͸؆қͰ͋Γͳ͕Βɺ
֤૚͕ಠཱ͓ͯ͠ΓετϨεʹΑΔ੍໿͕ແ͘ɺੵ૚ʹΑΔߴࣗ͞ମ͸
TSVੵ૚ΑΓ΋ॖখ͕༰қͰ͋Δɻ
ར఺ 1. ύοέʔδ಺ʹബԽͨ͠μΠΛੵ૚͢ΔͨΊɺύοέʔδαΠ
ζΛม͑ͣʹੑೳΛ্͛Δ͜ͱ͕Մೳɻ
2. ബԽͱϘϯσΟϯάີ౓࣍ୈͰ༰қʹີ౓Λ্͛ΒΕΔɻ
੍໿ 1. Ϙϯυύουͱੵ૚ͷཱ྆ͷͨΊʹɺಉ໘ੵμΠΛελοΫ͢
Δࡍʹ͸ I/O਺ͷݮগɺ3ลҎ্ͷ I/OΛ֬อ͢ΔͨΊʹ͸্
૚΄ͲμΠ໘ੵͷॖখ͕ඞཁͰ͋Δɻ
2. νοϓ͕ಠཱ͓ͯ͠Γɺੵ૚ີ౓͕ߴ͍ͨΊɺϋΠύϫʔΞϓ
Ϧέʔγϣϯʹ͸ෆ޲͖Ͱ͋Δɻ
1.3.3 ઀৮ܕɾνοϓΤϦΞ
νοϓपลྖҬͷΈͳΒͣΤϦΞશମʹ഑ஔՄೳͳਨ௚݁߹ߏ଄ʹΑ
Γνοϓಉ࢜ͷσʔλ௨৴Λߦ͏ɻ௚઀഑ઢ͕ܨ͕ΔͨΊɺACɾDCͲ
ͪΒͷ৴߸΋఻ୡՄೳͰ͋Γɺ઀߹ʹ͸઀৮࣌ͷഁյΛ๷͙ESD΍ൺֱ
తେ͖ͳߏ଄෺ΛυϥΠϒ͢ΔͨΊͷόοϑΝ౳ɺैདྷ͔Β͋ΔཁૉΛ
࢖༻ՄೳͰ͋Δɻ
6 ୈ 1ষ ং࿦
(b)
(a)
Figure 1.2: (a)Package on package and (b) 3D stacking by wirebonding.
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1.3.3.1 ϑϦοϓνοϓ઀ଓ
ϑϦοϓνοϓ઀ଓ (Fig. 1.3(a))͸ 2ͭͷνοϓͷ഑ઢ૚ଆಉ࢜ΛϚ
ΠΫϩόϯϓʹΑΓ݁߹͢ΔํࣜͰ͋Δɻখ্͍͞૚ͷνοϓͱେ͖͍
Լ૚ͷνοϓ͔ΒͳΓɺԼ૚νοϓ͔ΒϘϯσΟϯάͰύοέʔδʹ઀
ଓ͢Δݱঢ়Ͱ͸ 1ຕ 1ຕ઀ଓ͢ΔͨΊίετ͕͔͔ΔͱݴΘΕ͍ͯΔ͕ɺ
νοϓͱ΢ΣϋΛӷମͷද໘ுྗΛ༻͍ͯ઀߹͢Δख๏ [3][4]͕ఏҊ͞Ε
͓ͯΓɺকདྷతʹ௿ίετͳ 3࣍ݩ઀ଓख๏ͱͳΓ͏Δ
ར఺ 1. ബԽɾTSVܗ੒Λඞཁͱ͠ͳ͍ɻ
2. TSVແ͠Ͱҟछ౷߹͕ՄೳͰ͋Δɻ
੍໿ 1. ݱঢ়ɺ1ຕ 1ຕϑϦοϓνοϓϘϯμͰ೤ѹண͢ΔͨΊίετ
͕͔͔Δɻ
2. 3૚Ҏ্ਨ௚઀ଓ͢Δ͜ͱ͸Ͱ͖ͳ͍ɻ
3. ύοέʔδͱͷ઀ଓʹϘϯσΟϯάϫΠϠ͕ඞਢͰ͋Δɻ
1.3.3.2 TSV઀ଓɾ2.5D
2.5࣍ݩ࣮૷ (Fig. 1.3(b))͸ɺҰൠతʹೳಈૉࢠΛ࣋ͨͣɺTSVΛ࣮૷
ͨ͠େ໘ੵͷνοϓ (Πϯλϙʔβ)ʹϑϦοϓνοϓ઀ଓͰೳಈૉࢠΛ
࣋ͭμΠΛ઀߹͢Δख๏Ͱ͋ΔɻΠϯλϙʔβʹখن໛ͷೳಈૉࢠΛ௥
Ճ͢Δ [5]ɺΠϯλϙʔβʹ 2DμΠͰ͸ͳ͘ 3DμΠΛ઀ଓ͢Δ౳ɺ༷ʑ
ͳࢼΈ͕ݚڀ͞Ε͍ͯΔɻ
ར఺ 1. Πϯλϙʔβͱͯ͠γϦίϯʹݶΒͣΨϥεͳͲɺଟ༷ͳج൘
Λબ୒Մೳɻ
2. ೳಈૉࢠͷ TSVʹର͢Δ KOZ(Keep Out ZoneɺγϦίϯ΁
ͷετϨεͰτϥϯδελಛੑ͕ஶ͘͠มಈ͢ΔྖҬ)౳ͷ੍
໿͕ແ͘ 3࣍ݩੵ૚ͱൺֱͯ͠༰қɻ
3. ΠϯλϙʔβʹडಈૉࢠΛܗ੒͢Δ͜ͱͰ௿ ESR(Equivalent
Series Resistance)ɺ௿ESL(Equivalent Series Inductance)ͷ༰
ྔͷܗ੒ [6]ɺίΠϧΛܗ੒͢Δ͜ͱʹΑΔখܕϑΟϧλγε
ςϜ [7]ͷ࣮ݱ͕Մೳɻ
੍໿ 1. ΠϯλϙʔβͷΈͰ͸ฏ໘తʹ͔֦͠ுग़དྷͳ͍ͨΊɺ໘ੵ੍
໿͕ଘࡏ͢Δɻ
8 ୈ 1ষ ং࿦
1.3.3.3 TSV઀ଓɾ3D
3࣍ݩ࣮૷ (Fig. 1.3(c))͸ҰൠతʹTSVΛ༻͍ͯೳಈૉࢠΛ࣋ͭμΠ
Λෳ਺઀߹͢Δख๏Ͱ͋Δɻ֤૚ʹTSVΛ౥ࡌ͢Ε͹ཧ࿦తʹԿ૚Ͱ΋
ελοΫՄೳͰ͋Γɺ઀߹ํ๏ʹ΋ C2C(Chip to Chip),COW(Chip on
Wafer),W2WʢWafer to Wafer)[8]ɺͱ͍ͬͨํ͕ࣜ͋ΓɺͦΕͧΕݸผ
νοϓͷาཹ·Γɺ౥ࡌ෺ͷߏ੒ʹԠͯ͡࠷దͳख๏͕ߟ͑ΒΕΔ [9]ɻ
࣮ݱ͢Ε͹ߴ͍ੑೳɾूੵ౓ɾଟػೳੑ͕࣮ݱ͞ΕΔ͕ɺݱࡏͷ੡଄ί
ετʹݟ߹͏ΞϓϦέʔγϣϯ͕଴ͨΕΔஈ֊ͱ͍͑Δɻ
ར఺ 1. ࠷୹ڑ཭Λ઀ଓ͢ΔͨΊΠϯλϙʔβΑΓ΋୹ڑ཭Ͱͷ௨৴͕
Մೳɻ
2. 3૚Ҏ্ͷੵ૚Λ༻͍ͨେن໛ߴ଎DRAM[10]ɺϓϩηαɾϝ
ϞϦੵ૚ͳͲ͕ظ଴͞ΕΔɻ
੍໿ 1. ߴີ౓ूੵʹΑΔൃ೤໰୊͕͋Δɻ
2. ্هൃ೤͔ΒɺγϦίϯͱಔͷ๲ு཰ͷࠩΛٵऩͰ͖ͳ͍৔߹
γϦίϯج൘ʹΫϥοΫ͕ൃੜ͢Δɻ
3. ੵ૚࣌ʹѹྗ͓Αͼ೤ͰγϦίϯج൘ʹΫϥοΫ͕ൃੜ͠͏Δɻ
1.4 ैདྷݚڀ
3࣍ݩ࣮૷ʹ͓͚Δར఺͸਺ଟ͋͘Δ͕ɺҰํͰ૚Λ෼ׂͨ͠γεςϜ
ͷߏஙɺTSVٴͼ μ-όϯϓͱ͍͏৽͍͠ߏ଄ɺ૿େ͢Δूੵ౓ʹΑΓɺ
৽͍͠ઃܭ্ͷ՝୊͕ग़͖͍ͯͯΔɻ͜ΕΒͷ՝୊ΛΫϦΞ͢΂͘ଟ͘
ͷݚڀ͕ߦΘΕ͖ͯͨɻ
1.4.1 3࣍ݩ࣮૷ʹ͓͚ΔిݯωοτϫʔΫ׬શੑ
ຊ࿦จͷςʔϚͱͷ਌࿨ੑ͕ߴ͘ɺ3࣍ݩ࣮૷ʹ͓͚Δؔ৺ͷߴ͍τ
ϐοΫͱͯ͠ిݯωοτϫʔΫͷ׬શੑ (Power Integrity, PI)͕ڍ͛ΒΕ
Δɻ͜Ε͸ɺνοϓͷද໘ੵ͕มΘΒͳ͍ɺͭ·Γ࢖༻Ͱ͖Δ I/O਺͸૿
͑ͣʹੵ૚ʹΑΔిྲྀີ౓ͷ૿େɺTSVΛܦ༝͢Δ͜ͱʹΑΔدੜ੒෼
ͷมಈɺෳࡶԽ͢Δ֤ճ࿏ϒϩοΫͷిݯܥʹؔ͢Δ΋ͷͰ͋Δɻ͜Ε
Βʹؔ܎͢Δ΋ͷͱͯ͠ɺ·֤ͣ TSVͷϊΠζ݁߹ [11][12]͸ผిݯ΁
1.4. ैདྷݚڀ 9
Tier 1
Tier 1b 
Tier 2 
(b)
(a)
Tier 1a
Tier 1b 
Intp. 
Tier 1a
TSV 
(c)
Tier 2
Tier 3 
TSV 
TSV 
Figure 1.3: (a)flipchip bonding, (b) 2.5D ingegration, (c) 3D integration.
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ͷ݁߹ͱ͍͏؍఺͔Βిݯ׬શੑʹӨڹΛٴ΅͢ͱߟ͑ΒΕɺ৴߸ಉ࢜
ͷӨڹͱ͍͏؍఺͔Β৴߸׬શੑʹ௚݁͢Δɻ·ͨɺ໨తͱ͢Δγες
Ϝͷ PIͷͨΊʹTSVΛ࢖༻͢Δຊ਺ͷݟੵ΋Γ [13]ɺ͞Βʹ͸TSVͷ
഑ஔํ๏ʹΑΔมԽ [14]ʹؔ͢Δ΋ͷ·Ͱଘࡏ͢Δɻղੳํ๏ʹ͍ͭͯ
΋TSVΛؚΉ؆қͳϞσϧ༻͍ͨ΋ͷ [15]ɺDivide & ConquerΞϓϩʔ
νͷηάϝϯςʔγϣϯϝιουʹΑΓ૚͝ͱͷΠϯϐʔμϯεΛผݸ
ʹಋग़ [16]͢Δ΋ͷɺANSOFT΍ SynopsysͷπʔϧΛ༻͍ IRυϩοϓ
ͷղੳΛߦ͍ͬͯΔ΋ͷ [17]΋͋Δɻج൘Λߟྀ͍ͯ͠Δ΋ͷ΋ଘࡏ͢
Δ [18]͕ɺ1ͭͷੵ૚γεςϜʹෳ਺ଘࡏ͢ΔγϦίϯج൘ɺٴͼγϦί
ϯج൘Λ఻೻͢ΔϊΠζΛߟྀ͍ͯ͠Δ΋ͷ͸·ͩগͳ͍ͱ͍͑Δɻ
1.4.2 3࣍ݩ࣮૷ʹ͓͚Δςετɾ਍அٕज़
3࣍ݩ࣮૷ʹ͓͍ͯ͜ΕΒͷ՝୊ʹରॲ͢ΔͨΊɺ·ͨɺ3࣍ݩ࣮૷ʹ
͓͚Δาཹ·ΓΛվળ͢ΔͨΊɺΞφϩάٴͼσδλϧͷ਍அख๏͕ٞ
࿦͞Ε͖ͯͨɻ
3࣍ݩ࣮૷Ͱ͸ෳ਺ͷμΠΛ࢖༻͢ΔͨΊɺ֤μΠͷ੡଄࣌ʹνΣοΫ
͢ΔϓϦϘϯυςετ [19]ɺελοΫޙͷνΣοΫͰ͋ΔϙετϘϯυς
ετͱͷڞଘ [20]͕ॏཁࢹ͞Ε͍ͯΔɻͦΕΒͷཱ྆Λ࣮ݱ͢ΔͨΊɺ୯
ମɾෳ਺μΠͱมಈ͢ΔϒϩοΫͷ਍அγεςϜʹର͠طଘͷن֨Ͱς
ετՄೳʹ͢ΔͨΊͷεέʔϥϒϧςετγεςϜ [21][22]͕ఏҊ͞Εͯ
͍Δɻ·ͨɺੵ૚ʹΑΓ๲େԽɾෳࡶԽ͢Δςετϓϩηε͸ίετͷ૿
େΛটͨ͘ΊɺෳࡶԽ͢Δςετ༻഑ઢɾύου਺ͷܰݮ [23][24],͞Βʹ
࠶ར༻ʹΑΔDFF਺࡟ݮ [25]ɺফඅిྗ࡟ݮ [26]౳ɺςετճ࿏࣮૷ʹ
ΑΔ෺ཧతΦʔόʔϔουΛ؇࿨͢Δख๏΍ɺςεταΠΫϧ࡟ݮɾ࠷
దԽʹΑΔςετͷߴ଎Խ [27][28][29]౳ɺϓϩηεΛ࠷దԽ͢Δ͜ͱʹ
ΑΔ࣌ؒతΦʔόʔϔουΛ؇࿨͢Δख๏͕੝Μʹݚڀ͞Ε͖ͯͨɻ
TSV͸੡଄࣌ɺ੡଄ޙʹൃੜ͢Δෆ۩߹Ͱ͋ΔΫϥοΫ΍ࢎԽບෆྑ
ʹΑΔϒϥΠϯυ/ΦʔϓϯεϦʔϒϏΞ͕ओͳର৅ͱͳΓ͏ΔɻͦΕΒ
ෆ۩߹ΛϓϦϘϯυͰͷKGD(Known Good Die)ͷൃݟ͢Δ͜ͱ͕าཹ
·Γ޲্ͷͨΊʹॏཁͰ͋Δ͕ɺैདྷͷσδλϧͷςετख๏Ͱ͸͜Ε
Βͷෆྑͷൃݟ͸೉͍͠ɻͦͷͨΊɺΞφϩάతख๏Λ༻͍ͯఆٛͨ͠
Ϟσϧ͔Βҳ୤ͨ͠ෆྑ TSVΛൃݟ͢Δςετߏ଄ [30][31]ɺෆྑݕ஌
ͱ৴߸ͷम෮ [32]͕ݚڀ͞Ε͍ͯΔɻ
าཹ·Γʹؔ͢Δ਍அҎ֎ʹ΋ɺTSV͕΋ͨΒ͢ػցతετϨεͷධ
Ձ [33][34]ɺADCΛνοϓʹ౥ࡌ͠಺෦ͰిѹΛಋग़͢ΔϞχλػߏ [35]
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1.4.3 Φϯνοϓଌఆٕज़
൒ಋମʹ͓͚ΔిѹɺλΠϛϯάɺΠϯϐʔμϯε౳ɺ෺ཧྔΛධՁ
͢Δࡍʹ࠷΋୯७ͳख๏͸νοϓΛ௚઀ϓϩʔϒ͠ධՁ͢Δ͜ͱͰ͋Δɻ
͔͠͠ɺ3࣍ݩ࣮૷͞ΕͨγεςϜ͸ɺελοΫʹΑΓද໘ͷμΠҎ֎͸
ӅΕͯ͠·͏ͱ͍͏໰୊͕͋Δɻ͜ͷ৔߹ɺTSV౳Λܦ༝ͯ͠৴߸ΛҾ
͖ग़͢ʹͯ͠΋ੵ૚ʹΑΓෳࡶԽͨ݁͠߹ܥΛ௨աͤͶ͹ͳΒͣɺ޷·
͘͠ͳ͍ɻͦ͜Ͱɺνοϓ্Ͱ෺ཧྔΛσδλϧ஋΍ DCిѹ౳ɺධՁ
͠΍͍͢஋ʹม׵͢ΔΦϯνοϓධՁख๏͕ࠓޙ·͢·͢ॏཁੑΛ࣋ͭ
ͱߟ͑ΒΕΔɻ
୅දతͳΦϯνοϓධՁख๏ͱͯ͠ɺ಺෦ͷిҐΛDACͱλΠϛϯά
δΣωϨʔλΛ༻͍ͯσδλϧม׵͢ΔΦϯνοϓΦγϩείʔϓ [36][37]
͕͋Δɻ͜ΕΒ͸νοϓ಺Ͱ೾ܗΛ׬શʹσδλϧԽ͢ΔͨΊʹɺిѹɾ
λΠϛϯάͱ͍ͬͨ࣌ؒ೾ܗऔಘʹඞཁͳཁૉΛνοϓ಺Ͱੜ੒͢Δɻ·
ͨɺখܕԽ͠ϊΠζͷӨڹΛड͚ʹ͘͘͢ΔͨΊͷిྲྀग़ྗλΠϓ [38][39]
΍ɺಛఆͷ෺ཧྔ [40][41]Λग़ྗ͢Δ౳ɺΦϯνοϓଌఆٕज़͕ൃୡͯ͠
͖ͨɻ
චऀΒ΋·ͨνοϓ಺෦ͷݱ৅ΛධՁ͢ΔͨΊʹɺগ໘ੵΦʔόϔο
υɺߏ੒ͱ഑ஔ͕༰қͳαϯϓϦϯάλΠϓͷධՁγεςϜͱͯ͠Φϯ
νοϓϞχλγεςϜ [42]ΛఏҊɺSoCධՁʹಛԽɺSoCͱϦιʔεڞ
༗ͨ͠ϞχλγεςϜ [43]ɺಉγεςϜΛ༻͍νοϓଆ͔ΒݟͨओཁΦϑ
νοϓΠϯϐʔμϯεಋग़ [44]ɺTSVͷ Eye։ޱධՁ༻Πϯλϙʔβ࣮
૷Ϟχλ [5]౳ΛఏҊɾ࣮ূ͖ͯͨ͠ɻ
1.5 ຊ࿦จͷߏ੒
ຊ࿦จͰ͸ɺ͜ΕΒഎܠͱैདྷݚڀΛ౿·͑ɺ࣍ੈ୅ΞϓϦέʔγϣ
ϯͷཁٻΛຬͨͨ͢Ίʹେن໛ԽɾෳࡶԽ͢Δ 3࣍ݩ LSIγεςϜͷ҆
ఆಈ࡞ͷͨΊʹɺੵ૚γεςϜ಺ͷϊΠζ఻೻ධՁγεςϜٴͼͦΕΒ
Λ༻͍ͨϊΠζ఻೻࠷খԽ͢ΔͨΊͷઃܭࢦ਑ͷཱ֬Λ໨ࢦ͢ɻখܕԽɾ
ΞϨΠԽ࣮͠૷ίετΛ࠷খԽͨ͠ϞχλγεςϜΛఏҊɺ֤૚ʹ౥ࡌ
͢Δ͜ͱͰੵ૚͞ΕͨγεςϜ಺෦ͷࡶԻ఻೻ܦ࿏Λ໌Β͔ʹ͠ɺϞσ
ϧԽ͢Δ͜ͱͰ֤प೾਺ͷϊΠζ͕৵ೖ͢Δܦ࿏ɾࡶԻΛ఻೻͢Δഔମ
Λࣔ͢ɻ
12 ୈ 1ষ ং࿦
ຊ࿦จͷٕज़త಺༰͸ɺ2ষ͔Β 4ষ·Ͱͷ 3ষ͔ΒͳΔɻୈ 2ষͰ͸ɺ
গ໘ੵίετͳϞχλճ࿏ɺ࣌ؒίετΛ࠷খԽ͢ΔΞϧΰϦζϜΛ༻
͍ͨߴ෼ղೳͳ೾ܗऔಘγεςϜʹ͍ͭͯٞ࿦͢Δɻୈ 3ষͰ͸ɺ3࣍ݩ
࣮૷͞ΕͨγεςϜʹຒΊࠐΉϞχλγεςϜͷ࣮૷Ҋɾߴ଎ͳ೾ܗऔ
ಘγεςϜͷఏҊΛߦ͏ɻୈ 4ষͰ͸ɺ3࣍ݩ࣮૷γεςϜ಺ͷϊΠζ఻
೻ධՁͷͨΊͷࢼ࡞νοϓΛ༻͍ɺγεςϜ಺Λ఻೻͢ΔϊΠζͷධՁɾ
ղੳΛߦ͏ɻ
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2.1 ॹݴ
൒ಋମϓϩηεٕज़ͷਐาʹΑΓɺΞφϩάճ࿏ͱσδλϧճ࿏Λಉ
Ұνοϓ্ʹੵ૚͢ΔϛοΫετγάφϧ SoC(System on a Chip)͕࣮
ݱͨ͠ɻϛοΫετγάφϧ SoC͸ 1ͭͷνοϓ಺ʹඞཁػೳΛूੵ͢
ΔͨΊɺ୯ҰύοέʔδԽʹΑΔ࣮૷໘ੵॖখɺI/OΛܦ༝͠ͳ͍઀ଓʹ
ΑΔ޿ଳҬԽɾߴ଎Խɾ௿ফඅిྗԽ౳͕ظ଴͞ΕΔɻ
ϛοΫετγάφϧ SoCʹ͓͍ͯ͸εΠονϯάϊΠζͷݩͱͳΔσ
δλϧϒϩοΫͱϊΠζࠞೖ͕ੑೳྼԽʹܨ͕ΔΞφϩάϒϩοΫ͕ࠞ
ࡏ͍ͯ͠ΔͨΊɺϊΠζղੳ͸ॏཁͳٕज़՝୊Ͱ͋Δɻۙ೥ͷγεςϜ
ͷେن໛ԽͱෳࡶԽʹΑΓɺղੳͷΈʹΑΔݱ৅ͷ௥ٻ͸ࠔ೉Ͱ͋Δɻෳ
ࡶʹ݁߹ͨ͠ࡶԻ఻ୡཁૉʹΑΓɺೖग़ྗԠ౴͔Βͷνοϓͷ಺෦ಈ࡞ਪ
ఆ΋·ͨࠔ೉Ͱ͋ΔɻͦͷͨΊ࣮νοϓ্ͷݱ৅Λਖ਼֬ʹਪఆ͢Δʹ͸ɺ
νοϓ಺ͷ෺ཧྔΛνοϓ಺Ͱऔಘ͢ΔΦϯνοϓධՁ͕༗ޮͰ͋ΔɻΦ
ϯνοϓධՁख๏ͱͯ͠ɺిྲྀม׵͠νοϓ֎ʹग़ྗ͢Δ [38]ɺI/Oͷෛ
ՙΛແࢹ͢ΔͨΊʹಛఆͷλΠϛϯάͰ੾Γग़ͨ͠DCిѹ஋Λग़ྗ͢
Δ [45][46]ɺ͞Βʹ͸νοϓ಺෦ͰΞφϩά-σδλϧม׵Λߦ͍σδλϧ
஋Λग़ྗ͢Δ [36][37]ɺ೾ܗʹݶΒͣಛఆͷ෺ཧྔ (δολ [40]ɺ஗Ԇ [41])
Λग़ྗ͢Δ౳ɺΦϯνοϓଌఆٕज़͕ൃୡ͖ͯͨ͠ɻ
զʑ͸ɺগͳ͍໘ੵΦʔόʔϔουͰେن໛ͳϛοΫετγάφϧ SoC
಺෦ͷిݯɺάϥ΢ϯυɺج൘ͳͲͷϊΠζΛऔಘ͢ΔͨΊʹɺΦϯνο
ϓϞχλγεςϜΛߟҊͨ͠ɻΦϯνοϓϞχλγεςϜ͸Ξφϩάόο
ϑΝͱίϯύϨʔλͰߏ੒͞ΕΔখ໘ੵͳϑϩϯτΤϯυͱɺখن໛ͳ
όοΫΤϯυॲཧܥʹΑΓ੒Γཱ͍ͬͯΔɻΦϯνοϓϞχλγεςϜ͸
νϟωϧຖͷಠཱੑ͕ߴ͘ϚϧννϟωϧԽ͕༰қͰ͋ΓɺϑϩϯτΤ
ϯυόοϑΝ࣍ୈͰ޿͍ిѹϨϯδͷ೾ܗΛධՁՄೳͰ͋Δɻ·ͨɺί
ϯύϨʔλʹΑΔൺֱ݁ՌΛσδλϧ஋ͱͯ͠֎෦ʹग़ྗ͢ΔͨΊɺΦ
γϩείʔϓ౳Λඞཁͱ͠ͳ͍ͷ΋ར఺Ͱ͋Δɻ
14 ୈ 2ষ ΦϯνοϓϞχλٕज़
ຊষͰ͸ɺ65 nm CMOS ϓϩηεΛ༻͍ࢼ࡞͞ΕͨΦϯνοϓϞχλ
γεςϜʹ͓͍ͯɺͦͷ೾ܗऔಘγεςϜͷߏஙɺγεςϜͷεϧʔϓο
τ޲্ͷͨΊͷ೾ܗऔಘΞϧΰϦζϜ࣮૷ͱͦΕΒΛ༻͍ͨ೾ܗऔಘੑ
ೳධՁΛߦ͏ɻ·ͨɺεΫϦϓτݴޠϕʔεͷಈ࡞ϞσϧΛ༻͍ͨ೾ܗ
औಘੑೳͷݕূΛߦ͏ɻ
2.2 ΦϯνοϓϞχλػߏ
2.2.1 ϞχλγεςϜͷΞʔΩςΫνϟ
2.2.1.1 શମߏ੒
ΦϯνοϓϞχλͷߏ੒ਤΛFig. 2.1ʹࣔ͢ɻΦϯνοϓϞχλγεςϜ
͸ݕग़ϑϩϯτΤϯυ (Probing Front End : PFE)ͱɺෳ਺ͷPFEΛ౷ׅ
͠ग़ྗσʔλΛΧ΢ϯτΞοϓ͢ΔσʔλॲཧϢχοτ (Data Processing
Unit : DPU)ΑΓߏ੒͞ΕΔɻPFE͸νοϓ಺ͷ೚ҙͷϊʔυɺج൘Λ
ϓϩʔϒՄೳͰ͋Δɻ
PFE͸ೖྗ৴߸ΛόοϑΝϦϯά͢ΔͨΊͷೖྗஈͱ ϥονίϯύ
Ϩʔλ (Latched Comparator : LC)ʹͯߏ੒͞Ε͓ͯΓɺίϯύϨʔλ
ʹൺֱλΠϛϯά (Tsmp)ٴͼࢀরిѹ (Vref)Λڙڅ͢Δ͜ͱͰɺೖྗஈ
͔Βͷग़ྗΛσδλϧԽ͢Δɻͦͷࡍͷ Tsmpٴͼ Vref ͸νοϓ֎෦ΑΓ
ڙڅ͞Ε͓ͯΓɺνοϓ಺෦ͷճ࿏͸࠷খݶʹ཈͑ΒΕ͍ͯΔɻຊষͰ࢖
༻͢ΔϞχλߏ੒Ͱ͸ɺPFEʹڙڅ͢Δ 2.5 VͱDPUʹڙڅ͢Δ 1.2 V
ͷ 2ܥ౷ͷిݯΛڙڅ͍ͯ͠Δɻ͜Ε͸ɺDPU͕RTL(Register Transfer
Level)هड़ՄೳͰ͋Γɺࣗಈ഑ஔ഑ઢͨ͠௿ిѹελϯμʔυηϧͰߏ੒
͞Ε͍ͯΔͨΊͰ͋ΔɻTsmp͸PPG(Pulse Pattern Generator)ΑΓग़ྗ
͞ΕɺVref ͸DAC(Digital to Analog Converter)ΑΓڙڅ͞ΕΔɻ·ͨɺ
ຊষͰ͸PFEͷੑೳධՁͷͨΊʹ SG(Signal Generator)ΑΓධՁ༻৴߸
Λೖྗ͍ͯ͠Δɻ
2.2.1.2 ݕग़ϑϩϯτΤϯυ
PFE͸ιʔεϑΥϩΞຢ͸ϢχςΟήΠϯόοϑΝʹΑΔೖྗஈٴͼ
ϑϩϯτΤϯυͷग़ྗͱVrefΛTsmpͷ࣌఺Ͱൺֱ͢ΔLC͔ΒͳΔɻFig.
2.2ʹҟͳΔೖྗஈ͔Βߏ੒͞ΕͨPFEͷճ࿏ਤΛࣔ͢ɻࠨΑΓͦΕͧΕ
pνϟωϧ SF(Source Follower)ɺnνϟωϧ SFɺϢχςΟήΠϯόοϑΝ
ͱ LCͷ૊Έ߹Θͤͱͳ͓ͬͯΓɺͦΕͧΕGNDຢ͸ج൘ిҐɺߴిѹ
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Figure 2.1: On-chip monitoring system overview.
ిݯిҐɺ৴߸ຢ͸௿ిѹిݯిҐΛର৅ͱ͍ͯ͠ΔɻPFE͸ೖྗஈճ
࿏ʹΑΓର৅ͷ৴߸Λ LCͰൺֱՄೳͳిҐ (Vis)·Ͱγϑτ͠ɺVref ͱ
ൺֱ͢Δ͜ͱͰେখؔ܎Λ 0ຢ͸ 1ͷσδλϧ஋ (Dout)ͱͯ͠ग़ྗ͢Δɻ
ൺֱ͸αϯϓϦϯάΫϩοΫͷೖྗλΠϛϯά (Tsmp)ͰߦΘΕΔɻ͜
͜ͰɺTsmp͸ଌఆର৅ճ࿏ͷ 1ಈ࡞पظʹର͠ 1ΫϩοΫ͚ͩ೚ҙͷλ
ΠϛϯάͰೖྗ͞ΕΔɻ
͜ͷൺֱΛVrefʹରͯ͠Ncompճߦ͍ɺVrefͱVisͷൺֱ݁Ռʹ͓͚Δ 1
ͷׂ߹ͱͯ͠PoutΛࣜ (2.1)ΑΓࢉग़͢Δɻൺֱճ਺͸೚ҙͰ͋ΓɺDPU
ͷઃఆٴͼ೾ܗऔಘΞϧΰϦζϜʹΑΓมԽͤ͞Δ͜ͱ͕ՄೳͰ͋Δɻ
Pout =
ΣDout
Ncomp
(2.1)
Fig. 2.3(a)ʹPoutΛॎ࣠ɺVrefΛԣ࣠ʹϓϩοτͨ͠άϥϑΛࣔ͢ɻPout
ͷ஋͸ Vis > Vref ͳΒ͹ Pout = 0ɺVis < Vref ͳΒ͹ Pout = 1ɺVis  Vref
ͳΒ͹ 0 < Pout < 1ͱͳΓɺVref ͱ Vis͕ۙ઀ͨ͠ిҐྖҬΛϝλεςʔ
ϒϧྖҬͱ͍͏ɻVisͷ஋Λಋग़͢Δʹ͋ͨͬͯɺϞχλγεςϜ͸ Tsmp
ͷҐ૬ͱ VrefΛݻఆ͠ɺNcompճͷൺֱΛߦ͏ɻ͜͜ͰɺVis͸Pout = 0.5
ͱͳΔͱ͖ͷ Vref ͷ஋Ͱ͋ΔͱۙࣅతʹܾఆͰ͖Δɻ͜͏ܾͯ͠ఆ͞Ε
Δ Visͷ஋ɺ͢ͳΘͪγεςϜͷग़ྗΛDCೖྗిѹʹରͯ͠ϓϩοτ͠
ͨೖग़ྗಛੑΛFig. 2.3(b)ʹࣔ͢ɻ֤ϓϩοτ͕ͦΕͧΕͷPFEͷର৅
16 ୈ 2ষ ΦϯνοϓϞχλٕज़
ͱͳΔిѹۙ๣ͷೖྗΛड͚ɺLCͷൺֱՄೳൣғͰग़ྗ͍ͯ͠Δ͜ͱ͕
ݟͯऔΕΔɻ͜ͷೖग़ྗಛੑΛ༻͍ͯ VisΛิਖ਼͢Δ͜ͱͰର৅৴߸ͷి
Ґ͕औಘՄೳͰ͋Δɻ
೚ҙͷ Tsmpʹ͓͚Δ Visݕग़͕ऴྃͨ࣌͠఺ͰɺTsmpΛΔT ͚ͩͣΒ
͠ɺ࣍ͷ࣌఺Ͱͷ VisΛऔಘ͢Δɻ͜ͷ܁Γฦ͠ʹΑΓɺPFE͸ର৅೾ܗ
Λ࣌ؒ෼ղೳΔTɺిѹ෼ղೳΔV (Vref ͷ࠷খ෼ղೳ)Ͱ཭ࢄԽ͢Δɻ
Tsmp
Signal of
interest
Vref
Dout
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Figure 2.2: Schematic diagrams of PFEs.
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Figure 2.3: I/O characteristics of (a) LC and (b) PFE.
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2.2.1.3 σʔλॲཧϢχοτ
DPU͸ࣜ (2.1)ͷPoutΛٻΊΔͨΊͷσʔλΛॲཧɾ஝ੵ͢ΔσʔλϨ
δελͱͯ͠ػೳ͢ΔɻDPUͷߏ੒Λ Fig. 2.4(a)ʹࣔ͢ɻDPU͸ Tsmp
Λಈ࡞ΫϩοΫͱ͠ɺTsmpΛΧ΢ϯτΞοϓ͢Δ 11 bit Χ΢ϯλɺPFE
͔ΒͷDout͕ 1ʹͳΔճ਺ΛΧ΢ϯτͯ͠γϦΞϧग़ྗ͢ΔػೳΛ΋ͭ
γϑτϨδελ (Shift Register : SR)ػೳ෇͖Χ΢ϯλͷ 2छྨͷΧ΢
ϯλʹΑΓߏ੒͞ΕΔɻDPUʹ͸Χ΢ϯτϑΣʔζͱग़ྗϑΣʔζͷ 2
ͭͷಈ࡞ঢ়ଶΛ࣋ͭɻΧ΢ϯτϑΣʔζத͸ 11 bitΧ΢ϯλ͕Ncompճ
ΛΧ΢ϯτΞοϓ͠ɺSRػೳ෇͖Χ΢ϯλ͕ΣDoutΛΧ΢ϯτΞοϓ͢
ΔɻҰఆճ਺෼ͷNcompΧ΢ϯτ͕ͨ·ͬͨ͜ͱΛ 11 bitΧ΢ϯλ͕ײ
஌͢Ε͹ɺDPU͸ग़ྗϑΣʔζʹҠߦ͠ɺFig. 2.4(b)ʹࣔ͞ΕΔϔομ
෇͖ͷ 13 bitγϦΞϧσʔλετϦʔϜͱͯ͠ΣDoutΛग़ྗ͢Δɻ
Ncomp͸มߋՄೳͰɺ10 bitɺ8 bitɺ6 bitɺ4 bitͷ͏͔ͪΒΧ΢ϯλ
bit࢖༻਺Λબ୒Ͱ͖ΔɻΧ΢ϯτΞοϓͷࡍʹ SRػೳ෇͖Ϩδελͷ
ΦʔόʔϑϩʔΛ๷͙ͨΊɺ11 bitΧ΢ϯλʹ͸༧ΊΦϑηοτͱͯ͠
7͕෇༩͞Ε͍ͯΔɻͦͷͨΊɺ10 bitɺ8 bitɺ6 bitɺ4 bit֤Ϟʔυͷ
Ncomp͸ͦΕͧΕ 1017ɺ249ɺ57ɺ9ճͱͳ͍ͬͯΔɻ
2.2.2 ೾ܗऔಘγεςϜ
2.2.2.1 FPGA࣮૷ίϯτϩʔϥ
FPGA࣮૷ίϯτϩʔϥ͸ɺFPGA্ʹߏ੒ͨ͠ճ࿏ʹΑΓ೾ܗऔಘ
ʹඞཁͳ৴߸Λڙڅɺຢ͸औಘͨ͠೾ܗΛ PCʹసૹ͢ΔͨΊͷΠϯλ
ϑΣʔεͰ͋ΔɻຊݚڀͰ͸ɺPCͱͷ௨৴ͷ༰қ͞ɺ֎෦ϝϞϦ༰ྔɺ
ಈ࡞ΫϩοΫɺI/Oిѹ౳ɺίϯτϩʔϥγεςϜߏ੒ʹඞཁͳཁૉΛຬ
ͨ͢ FPGAͱͯ͠ɺXilinxࣾ੡ͷ Spartan3ANσόΠεΛ౥ࡌͨ͠ϓϥ
ΠϜγεςϜζࣾͷ SX-Card3/14C4Λ࠾༻ͨ͠ɻ
FPGA࣮૷ίϯτϩʔϥ͸ɺUSBΠϯλϑΣʔεͰΞΫηεՄೳͳϝ
ϞϦɾϨδελίϯτϩʔϥΛத৺ͱͯ͠ɺΦϯνοϓϞχλγεςϜ
੍ޚʹඞཁͳػೳΛ෇Ճͨ͠΋ͷͱͳ͍ͬͯΔɻ
෇Ճͨ͠ػೳͱͯ͠͸ɺPC͔ΒϘʔυ্ϝϞϦʹॻ͖ࠐ·Εͨ’0’ɺ’1’
ͷόΠφϦσʔλΛ৴߸ͱͯ͠࠶ੜ͢ΔόΠφϦ/৴߸ม׵ճ࿏ɺϞχλ
γεςϜ͔Βग़ྗ͞ΕΔΣDoutͷϔομ෦෼Λײ஌͠ޙʹଓ͘ 10 bitͷ
ΣDoutΛऔಘ͢ΔσʔλϩΨʔճ࿏ɺΣDoutΛجʹ֎෦DACΛۦಈ͢Δ
ͨΊͷ֎෦DAC੍ޚճ࿏͕͋ΔɻFig. 2.5ʹFPGA࣮૷ίϯτϩʔϥͷ
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Figure 2.4: (a)Block diagram of DPU and (b) data output from DPU.
ϒϩοΫਤΛࣔ͢ɻ
ҎԼʹɺFPGA࣮૷ίϯτϩʔϥͷ֤ճ࿏ϒϩοΫͷৄࡉΛࣔ͢ɻ
USBίϯτϩʔϧίΞ USBΠϯλϑΣʔεͰ PCͱ઀ଓՄೳͰ͋Γɺ
PC͔ΒϝϞϦɾϨδελ੍ޚճ࿏Λ௨ͯ͠ϝϞϦɾϨδελ΁ͷ
ΞΫηε͕ՄೳͰ͋Δɻ
ϝϞϦɾϨδελ੍ޚճ࿏ USBίϯτϩʔϧίΞΛհͨ͠ FPGAϘʔ
υ্ͷϝϞϦͱϨδελ΁ͷΞΫηεΛ੍ޚ͢ΔɻFPGA಺෦ʹߏ
ங֤ͨ͠छճ࿏ϒϩοΫ͔ΒͷΞΫηε͕ՄೳͰ͋Δɻѻ͏Ϩδε
λͷ਺ٴͼ bit෯ɺϦʔυɾϥΠτݖ͸༰қʹมߋՄೳͰ͋Δɻ
Ϩδελ ϝϞϦɾϨδελ੍ޚճ࿏ΑΓΞΫηεՄೳͳFPGA্ʹߏ੒
͞ΕͨϨδελͰ͋ΔɻFPGAϘʔυ෇ଐͷGUIϓϩάϥϜ͔Βͷ
ΞΫηεɺίϚϯυϥΠϯ͔ΒͷΞΫηε͕ՄೳͰ͋ΔɻFPGA-PC
ؒͷ؆қͳσʔλͷ΍ΓͱΓɺAck(Acknowledgement)৴߸ͱͯ͠
࢖༻ՄೳͰ͋Δɻ
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FPGAϘʔυ্ϝϞϦ FPGAϘʔυ্ʹ࣮૷͞ΕͨϝϞϦͰ͋Γɺຊݚ
ڀͰ༻͍͍ͯΔ SX-Card3/14C4ʹ͸ 36 bit × 512k wordͷ SRAM
͕౥ࡌ͞Ε͍ͯΔɻ
ϝϞϦɾϨδελ੍ޚճ࿏ʹΑΓΞΫηεՄೳͱͳ͓ͬͯΓϨδε
λಉ༷ɺGUIຢ͸ίϚϯυϥΠϯ͔ΒͷΞΫηε͕ՄೳͰ͋Δɻ։
࢝ΞυϨεɺϫʔυ௕ɺϫʔυ਺Λࢦఆ͠ɺόΠφϦσʔλΛಡΈ
ࠐΈɾॻ͖ग़͢͠Δɻ
େ༰ྔͷσʔλͷ΍ΓऔΓͰ͸ϝϞϦΛ࢖༻͢Δํ͕ޮ཰͕ߴ͘ɺ
ޙड़͢ΔόΠφϦ/৴߸ม׵ճ࿏ͷσʔλڙڅ౳ʹ༻͍Δɻ
όΠφϦ/৴߸ม׵ճ࿏ όΠφϦ/৴߸ม׵ճ࿏͸ FPGAϘʔυ্ϝϞ
ϦͷϦʔυػೳʹΑΓಛఆͷϝϞϦྖҬͷσʔλΛෳ਺ͷϏοτε
τϦʔϜͱͯ͠ग़ྗ͢ΔɻϞχλγεςϜʹΑΔ೾ܗऔಘͷ௚લʹ
࠶ੜ͕ߦΘΕɺϞχλγεςϜͷ PFEνϟωϧબ୒ɺͦͷଞઃఆ
༻Ϩδελ΁ͷσʔλೖྗʹ༻͍Δɻ
σʔλϩΨʔճ࿏ σʔλϩΨʔճ࿏͸ΣDoutͷϔομ෦෼”010”Λײ஌
͠ɺϔομʹଓ͘ 10 bit෼ͷσʔλΛอ࣋͢Δɻ·ͨɺอ࣋ͨ͠σʔ
λ͸೾ܗऔಘΞϧΰϦζϜճ࿏͔ΒΞΫηεՄೳͰ͋Δɻ
DAC੍ޚճ࿏ DAC੍ޚճ࿏͸ɺϞχλγεςϜʹೖྗ͢ΔࢀরిѹΛ
DAC͔Βग़ྗ͢ΔࡍʹɺDACͷ੍ޚ༻৴߸Λग़ྗ͢Δɻσδλϧ
஋Ͱ೾ܗऔಘΞϧΰϦζϜճ࿏ʹΑΓܾఆ͞ΕͨDACઃఆిѹΛ
อ࣋͠ɺτϦΨΛΞαʔτ͢Δ͜ͱͰ੍ޚ༻৴߸͕ग़ྗ͞ΕΔɻ੍
ޚ༻৴߸ͷग़ྗܗࣜΛมߋ͢Δ͜ͱͰ࢓༷ͷҟͳΔDACʹ΋ରԠ
ՄೳͰ͋Δɻ
೾ܗऔಘΞϧΰϦζϜճ࿏ ೾ܗऔಘΞϧΰϦζϜճ࿏͸ɺFPGA࣮૷ί
ϯτϩʔϥશମͷಈ࡞Λܾఆ͢Δճ࿏Ͱ͋ΔɻFPGA࣮૷ίϯτ
ϩʔϥ͸ɺهड़ͷ୯७ԽͷͨΊΧ΢ϯλճ࿏ϕʔεͷγʔέϯε੍
ޚΛ࠾༻͍ͯ͠Δɻมߋ͕༰қͰ͋ΓɺσʔλϩΨʔͰड͚औͬͨ
਺஋Λͦͷ··PCʹసૹ͢Δɺຢ͸೾ܗऔಘΞϧΰϦζϜΛهड़
͠ɺDAC੍ޚճ࿏Λ༻͍ͯ୳ࡧͨ͠஋ΛPCʹసૹ͢Δ౳ɺηοτ
ΞοϓʹԠͯ͡มߋ͞ΕΔɻ
20 ୈ 2ষ ΦϯνοϓϞχλٕज़
Data
Logger
FPGA
ΣDout
Algorithm
Block
DAC
Controller
Binary
to Signal
Memory
Register
Controller
Registers
USB
Control
Core
Memory
Vref
Control
Setup
Signals
write/read
write/read
Data
Configuration,
Parameter
Data
DUT PC
Figure 2.5: Block diagram of FPGA integrated controller.
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2.2.2.2 ೾ܗऔಘγεςϜߏ੒
೾ܗऔಘγεςϜͷશମߏ੒Λ Fig. 2.6ʹࣔ͢ɻຊߏ੒Ͱ͸ɺFPGA
ίϯτϩʔϥΛ༻͍ͯ DPU͔ΒͷσʔλΛ PC΁సૹɺ࢖༻͢Δ PFE
ͷબ୒΍ઃఆ৴߸Λ PC ͔Β੍ޚ͍ͯ͠ΔɻVref ٴͼ Tsmp ͸ PC ͔Β
GPIB(IEEE488)όεΛܦ༝੍ͯ͠ޚ͞Ε͓ͯΓɺFPGAͷ࣋ͭػೳ͸
࠷খݶͱͳ͍ͬͯΔɻ۩ମతʹ͸ɺ೾ܗऔಘ࣌ͷ FPGAػೳ͸σʔλϩ
ΨʔΛ༻͍औಘͨ͠ ΣDoutͷ਺஋Λ PC͔ΒͷཁٻʹԠͯ͡సૹ͢Δͷ
ΈͰ͋Δɻຊߏ੒ͷར఺ͱͯ͠͸ɺࢀরిѹ෼ղೳΔVrefΛ֎෦ଌఆثͷ
෼ղೳʹԠͯ͡ࡉ͔͘ઃఆग़དྷɺಉ༷ͷཧ༝Ͱ࣌ؒ෼ղೳΔTsmpͷࣗ༝
౓΋ߴ͍͜ͱ͕ڍ͛ΒΕΔɻ
·ͨɺFig. 2.6Լ෦ʹ͸ੑೳධՁͷͨΊͷਖ਼ݭ೾ೖྗͷͨΊͷηοτ
Ξοϓ΋ࣔ͞Ε͍ͯΔɻ
ຊষͰ͸ΫϩοΫݯͱͯ͠ Agilent Pulse Pattern Generator 81130Aɺ
DACͱͯ͠Agilent Universal Source 3245AɺධՁର৅ਖ਼ݭ೾ͱͯ͠Ag-
ilent Signal Generator E8267DɺόϯυύεϑΟϧλͱͯ͠TTE Q70T-
10M-1.5M-50-720AɺΦϑηοτͷ෇ՃʹBias TeeΛ༻͍͍ͯΔɻ
2.2.3 ೾ܗऔಘγεςϜϑϩʔ
ຊઅͰ͸લઅͰड़΂ͨγεςϜΛ༻͍ͨ೾ܗऔಘϑϩʔʹ͍ͭͯड़΂
ΔɻຊγεςϜʹඞཁͳඞཁͳϑΝΠϧ͸ҎԼͷ௨ΓͰ͋Δɻ
ςετϕΫλ ೾ܗऔಘͷ৚݅ɺ࢖༻͢ΔPFEνϟωϧɺిѹ෼ղೳɺλ
Πϛϯά෼ղೳ౳Λهड़͢ΔɻςετϕΫλΛPC্೾ܗऔಘϓϩ
άϥϜͰಡΈࠐΈɺଌఆܥͷ৚݅ͷઃఆ౳Λߦ͏ɻ
PC্೾ܗऔಘϓϩάϥϜ PC্Ͱಈ࡞͢ΔϓϩάϥϜͰ͋Γɺ೾ܗऔ
ಘγεςϜશମΛ౷੍ׅޚ͢Δɻ೾ܗऔಘγεςϜʹ༻͍͍ͯΔଌ
ఆػͷઃఆɺFPGA΁ͷճ࿏σʔλॻ͖ࠐΈɺFPGA͔Βͷσʔλ
औಘɺVrefٴͼ Tsmpૢ࡞ɺऔಘ೾ܗσʔλͷ·ͱΊΛߦ͏ɻ؆қͳ
εΫϦϓτݴޠͰ΋هड़ՄೳͰ͋ΓɺຊݚڀͰ͸εΫϦϓτݴޠͰ
͋ΔRubyʹͯهड़͞Ε͍ͯΔɻ
FPGAճ࿏هड़ FPGAʹ࣮૷͢Δճ࿏σʔλͷهड़Ͱ͋ΓɺεΫϦϓ
τ಺ͷ໋ྩʹΑΓ FPGAʹॻ͖ࠐ·ΕΔɻ
ҎԼʹɺຊγεςϜશମͷϑϩʔΛࣔ͢ɻ
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Figure 2.6: Block diagram of waveform capturing setup.
2.3. ೾ܗऔಘΞϧΰϦζϜ 23
1. ςετϕΫλΛ PC্೾ܗऔಘϓϩάϥϜʹಡΈࠐ·ͤΔɻ
2. PC্೾ܗऔಘϓϩάϥϜʹΑΓɺςετϕΫλʹج͖ଌఆػΛઃ
ఆ͢Δɻ
3. PC্೾ܗऔಘϓϩάϥϜʹΑΓɺFPGAճ࿏هड़ॻ͖ࠐΉɻ
4. FPGAʹߏ੒͞ΕͨόΠφϦ/৴߸ม׵ճ࿏ʹΑΓɺPFEνϟωϧ
ͷબ୒ɺΦϯνοϓϞχλͷઃఆ౳Λߦ͏ɻ
5. PC্೾ܗऔಘϓϩάϥϜʹΑΓɺऔಘ͍ͨ͠λΠϛϯά TsmpΛઃ
ఆ͢Δɻ
6. PC্೾ܗऔಘϓϩάϥϜʹΑΓɺࢀরిѹ Vref Λઃఆ͢Δɻ
7. PFEʹΑΓɺTsmpʹ͓͚Δଌఆର৅ͷిѹΛόοϑΝϦϯάͨ͠
Visͱ Vref Λ೚ҙճ਺ൺֱ͢Δɻ
8. FPGAʹߏ੒͞ΕͨσʔλϩΨʔʹΑΓɺΣDoutΛऔಘɺPCʹస
ૹ͢Δɻ
9. PC্೾ܗऔಘϓϩάϥϜʹΑΓɺΣDout͔Β࣍ճͷVrefΛܾఆ͢Δɻ
10. 6-9Λ Tsmpʹ͓͚Δిѹ஋͕ಛఆ͞ΕΔ·Ͱ܁Γฦ͢ɻ
11. 5-10Λऔಘ͍ͨ͠௕͞ͷ೾ܗ͕औಘͰ͖Δ·Ͱ܁Γฦ͢ɻ
2.3 ೾ܗऔಘΞϧΰϦζϜ
͜͜Ͱલઅͷ 5-10ʹ૬౰͢ΔϑϩʔΛ Fig. 2.7ʹࣔ͢ɻ͜ͷϑϩʔ͕
ΦϯνοϓϞχλγεςϜͷجຊͱͳΔϑϩʔͰ͋Γɺ3ॏͷϧʔϓͱ
ͳ͍ͬͯΔɻϧʔϓͷ಺ଆ͔ΒɺLCग़ྗͷ֬཰ Poutಋग़ͷϧʔϓɺVref
ΛมԽͤ͞ P = 0.5ͱͳΔ஋Λ୳ࡧ͢Δϧʔϓɺॴ๬ͷ෼ղೳͰ TsmpΛ
มԽͤ࣌ؒ͞೾ܗΛ׬੒ͤ͞Δϧʔϓͱͳ͍ͬͯΔɻ͜͜Ͱɺ೾ܗऔಘ
࣌ؒ͸ Vref Λ೗Կʹޮ཰Α͘ઃఆ͢Δ͔ʹେ͖͘ґଘ͢Δɻ
Ҏ߱ɺ೾ܗऔಘ࣌ؒΛ୹ॖ͢ΔͨΊͷΞϧΰϦζϜʹ͍ͭͯड़΂Δɻ
24 ୈ 2ষ ΦϯνοϓϞχλٕज़
Comparison
with LC 
Setting
DAC
Setting
PPG
Calculation
of Pout
Storing
wvfm. data
Iteration
Vref update
Tsmp update
Tsmp Vref
Tsmp
Vref
Figure 2.7: Digitization flow.
2.3.1 શ୳ࡧ
·ͣશ୳ࡧʹ͍ͭͯड़΂Δɻશ୳ࡧ͸Fig. 2.8ʹࣔ͢Α͏ʹɺ֤λΠϛ
ϯάTsmpʹ͓͍ͯࢀরిѹͷ࠷খ஋͔Β࠷େ஋·Ͱɺ࠷খ෼ղೳΔVrefε
ςοϓͰVrefΛมԽͤ͞ɺPout = 0.5ͱͳΔVrefΛV outͱͯ͠V out(Tn)
Λಋ͖ग़͢ख๏Ͱ͋Δɻ͔͠͠ͳ͕Βશͯͷ૊Έ߹Θͤʹରͯ͠ ΣDout
Λग़ྗ͢Δ໌Β͔ʹඇޮ཰ͳखஈͰ͋Δɻ·ͨɺVref࠷େ஋͔Β࠷খ஋·
Ͱͷ෯ͱΔVref ͷେ͖͞ʹΑͬͯ͸ඇݱ࣮తͳ࣌ؒΛཁ͢Δɻ
2.3.2 ۙ๣ϚϧνεςοϓΞϧΰϦζϜ
࣍ʹ୳ࡧίετΛߜΔΞϧΰϦζϜʹ͍ͭͯٞ࿦͢ΔɻFig. 2.9[47]ʹ
ࣔۙ͢๣ϚϧνεςοϓΞϧΰϦζϜ͸ɺVrefͷૢ࡞Λ୯७ͳΠϯΫϦϝ
ϯτɾσΫϦϝϯτͰ͸ͳ͘ɺՄมεςοϓͰ૿ݮ͍ͤͯ͞Δɻ·ͣૄͳ
୳ࡧʹ͓͍ͯɺVrefΛ࠷খ෼ղೳΑΓ΋େ͖͘ઃఆ͠ɺΣDoutͷ஋͕ٯస
͢Δ 2ిѹ஋Λ୳ࡧ͢Δɻͦͷ 2ిѹ஋ͷؒʹର৅ిѹ͕͋Δͱݴ͑Δ
ͨΊɺͦͷྖҬΛిѹ૿ݮεςοϓΛখ͘͞͠࠷୳ࡧ͢Δɻ͜ͷखॱΛ
ෳ਺ճߦ͍ɺ࠷ऴతʹ࠷খ෼ղೳΔVref Ͱ୳ࡧ͠ V out(Tn)Λಋग़͢Δɻ
ର৅೾ܗͷ֓؍ΛݟΔͷʹे෼ʹࡉ͔͍ΔTsmpͰ೾ܗऔಘΛߦ͏৔߹ɺ
Vout(Tn)ٴͼ Vout(Tn+1)͸ۙ઀͍ͯ͠Δͱݴ͑Δɻ୳ࡧ࣌ؒ࡟ݮͷͨΊɺ
Vout(Tn+1)Λಋग़͢ΔͨΊͷ Vref ͷॳظ஋ Vrefinit(Tn+1)͸ࣜ 2.2ͷΑ͏ʹ
ܾఆ͞ΕΔɻ
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Voltage
Time
Figure 2.8: Brute force search.
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Vrefinit(Tn+1) = Vout(Tn) (2.2)
Time
Voltage
Vref
Step
1st scan 2nd scan
3rd scan
Detect
Figure 2.9: Neighborhood multi-step algorithm.
2.3.3 IG2P+SS
Fig. 2.10[47]ʹࣔ͢ IG2P+SS(Initial Guess by previous 2 Point with
Scaling Steps)͸͞Βʹޮ཰Λ૿ͨ͢Ίʹ୳ࡧճ࢝఺ͷܾఆʹඍ෼஋Λ༻
͍ͨ΋ͷͰ͋ΔɻຊΞϧΰϦζϜ͸Մม Vref εςοϓʹΑΔిѹ୳ࡧʹ
Ճ͑ͯɺVrefinit(Tn+1)ͷܾఆʹ௚લͷ 2఺ Vout(Tn)ٴͼ Vout(Tn−1)Λ༻͍
͍ͯΔɻ
Vrefinit(Tn+1)ͷಋग़͸ࣜ 2.3ͷΑ͏ʹߦΘΕΔɻ
Vrefinit(Tn+1) = Vout(Tn) + (Vout(Tn)− Vout(Tn−1)) (2.3)
͜ͷΞϧΰϦζϜ͸ Vout(Tn)ͱ Vout(Tn−1)ͷ͕ࠩେ͖͍࣌ʹߴ͍ޮՌ
͕ಘΒΕΔɻ
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Time
Voltage
1st step 2nd step
3rd step
Estimation from 
previous 2 point
Vref
Step
Figure 2.10: IG2P+SS algorithm.
2.4 ϞχλγεςϜੑೳධՁ
2.4.1 ςετνοϓ
ຊষͰ༻͍Δςετνοϓ͸ 65 nm CMOSϓϩηεͰࢼ࡞͞Εɺ֤
PFEνϟωϧͱ DPUΛ౥ࡌ͍ͯ͠Δɻ3छྨͷ PFEٴͼ DPUͷϨΠ
Ξ΢τΛ Fig. 2.11ʹࣔ͢ɻFig. 2.11(a)ʹࣔ͞ΕΔΑ͏ʹPFE͸ 3छͱ
΋ 55μm× 138μmͰઃܭ͞Εɺઃܭʹ͓͚Δ഑ஔɾஔ͖׵͑Λ؆୯Խ͠
͍ͯΔɻFig. 2.11(b)ʹࣔ͞ΕΔDPU͸ 30μm× 30μmͷ໘ੵΛ઎ΊΔɻ
PFE͸ೖྗϨϯδͷ޿͞ͱߴిѹʹରԠ͢ΔͨΊ 2.5Vిݯͷ 0.28 μm
૬౰ͷ CMOSΛ༻͍͓ͯΓɺDPU͸ 1.2Vిݯͷ 65 nm CMOSελϯ
μʔυηϧΛ༻͍ઃܭ͞Ε͍ͯΔɻ
2.4.2 ੩ಛੑධՁ
Fig. 2.12ʹ֤ PFEνϟωϧͷ੩ಛੑධՁͷ݁ՌΛࣔ͢ɻpSFɺunity-
BFɺnSFνϟωϧ͸ͦΕͧΕ 200 mVɺ1150 mVɺ2350 mVத৺ʹ໿ 500
mVͷిѹྖҬΛ 9 bit (512 step)Ͱ෼ׂ͍ͯ͠Δɻ֤ INL(Integral Non
Linearityɺੵ෼ඇઢܗੑ)͸ॴ๬ͷྖҬʹ͓͓ͯΑͦ±1ͷൣғʹऩ·ͬ
͍ͯΔͨΊɺ8 bit૬౰ͷઢܗੑ͕֬ೝͰ͖Δɻ
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55 μm
138 μm 30 μm
30 μm
p-ch SF unity-BF n-ch SF
(a) (b)
Figure 2.11: Physical layout of (a) PFEs and (b) DPU.
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Fig. 2.13ʹɺ֤ PFEνϟωϧͷಈಛੑධՁͷ݁ՌΛࣔ͢ɻ10 MHzɺ
100 mVppͷਖ਼ݭ೾Λ֤PFEೖྗʹڙڅɺ100 μV ిѹ෼ղೳ (ΔVref)ɺ1
nsͷ࣌ؒ෼ղೳ (ΔTsmp)Ͱ཭ࢄԽͨ͠΋ͷͰɺऔಘ೾ܗΛ Fig. 2.13(a)ɺ
500 MHzଳҬ·Ͱͷप೾਺੒෼Λ Fig. 2.13(b)ʹࣔ͢ɻ·ͨɺ͜ͷͱ
͖ SNDR(Signal to Noise and Distortion Ratio)ɺSNR(Signal to Noise
Ratio)ɺSFDR(Spurious Free Dynamic Range)ΛTab.2.1ʹࣔ͢ɻճ࿏ಛ
ੑʹΑΔੑೳࠩҟ͕͋Δ͕ɺ1 bit(6.02 dB)ఔ౓ʹऩ·͓ͬͯΓɺpSF-ch
ʹ͓͍ͯ͸ SNDRͰ 9.0 bitͷੑೳΛୡ੒͍ͯ͠Δɻ
Table 2.1: SNDR, SNR, SFDR of the waveforms in Fig. 2.13.
SNDR (dB) SNR (dB) SFDR (dB)
pSF-ch 56.07 60.51 60.74
unity-BF-ch 53.26 57.34 57.96
nSF-ch 50.16 52.68 55.99
·ͨɺunity-BF-ch PFEʹ͓͍ͯೖྗ೾ܗৼ෯ʹର͢Δ SNDRɺSNRɺ
SFDRͷ஋Λϓϩοτͨ͠΋ͷΛFig. 2.14ʹࣔ͢ɻSNRͷ஋͕৳ͼSFDR
͕ྼԽ͍ͯ͠Δ͜ͱ͔Β΋Θ͔ΔΑ͏ʹɺৼ෯͕େ͖͘ͳΔͱ 2࣍ߴௐ
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Figure 2.12: I/O characteristics of (a) pSF-ch, (b)unity-BF-ch, and
(c)nSF-ch PFE.
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೾ʹ୅ද͞ΕΔઢܗੑྼԽཁҼ͕ແࢹͰ͖ͳ͘ͳΔɻҰํͰଞճ࿏͔Β
ͷׯব౳ɺͦͷଞͷϊΠζ੒෼͸े෼ʹ௿͍͜ͱ͕ Fig. 2.13(b)͔Βݴ
͑Δɻ͜ͷ͜ͱ͸ɺ੍ޚճ࿏͔Βͷׯব͕ର৅ͱ͢ΔଳҬͷप೾਺੒෼
ʹݦஶͳӨڹΛٴ΅͍ͯͨ͠ैདྷࢼ࡞෺ [42]͔ΒΦϯνοϓϞχλͷγ
εςϜϨϕϧͷߏ੒ʹ͓͚Δେ͖ͳվળΛ͍ࣔͯ͠Δɻ
-150
-100
-50
0
106 107 108
Am
pl
itu
de
(d
BV
)
Frequency(Hz)
-0.06
-0.04
-0.02
0
0.02
0.04
0.06
0 50 100 150 200 250 300 350 400
Am
pl
itu
de
(V
)
Time(ns)
(a) (b)
pSF-ch
unity-BF-ch
nSF-ch
pSF-ch
unity-BF-ch
nSF-ch
Figure 2.13: PFE dynamic responce of PFE in sinusoidal waveform cap-
turing. (a)Measured waveshape and (b)frequency components.
2.4.4 ΞϧΰϦζϜʹΑΔ೾ܗऔಘޮ཰վળޮՌ
Fig. 2.15ʹલઅʹهͨ͠ IG2P+SSΞϧΰϦζϜͷޮՌΛࣔ͢ɻఏҊΞ
ϧΰϦζϜ࢖༻࣌ͷFig. 2.13ͷ೾ܗऔಘ࣌ͷฏۉTHP(system through-
putɺిѹಛఆ 1ճ͋ͨΓͷࢀরిѹͷมߋճ਺Ͱఆٛ͞ΕΔ)͸ 6.56Ͱ
͋Γɺ͜ Ε͸ಉ৚݅Ͱશ୳ࡧΞϧΰϦζϜΛ࢖༻ͨ͠৔߹ͷ஋Ͱ͋Δ 1000
(100 mV / 100 μV)ʹର͠ 99.34%ͷ࡟ݮΛୡ੒͍ͯ͠Δ͜ͱΛ͍ࣔͯ͠
Δɻैདྷݚڀ [42]͔ΒϓϩηεɾγεςϜ͕ߋ৽͞Ε͓ͯΓݫີͳൺֱ
Ͱ͸ͳ͍͕ɺΞϧΰϦζϜࣗମͷੑೳ͸վળ͞Ε͍ͯΔͱ͍͑Δɻ
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Figure 2.14: Dynamic range of waveform acquisition.
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1000THP
Transaction
/point
Brute-forth
Algorithm
6.56
IG2P + SS *
Algorithm
* Initial guess  by previous 2 points and step scaling
99.34% reduction
Figure 2.15: Throughput of waveform acquisition with different algo-
rithm.
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2.5 ಈ࡞ϞσϦϯά
ຊઅͰ͸೾ܗऔಘγεςϜͷಈ࡞ϞσϧΛ༻͍ͨղੳΛߦ͏ɻϞχλ
γεςϜͷ࠷΋ॏཁͳੑೳࢦඪͱͯ͠ɺ೾ܗऔಘਫ਼౓ٴͼ଎౓͕ڍ͛Β
ΕΔ͕ɺͦΕΒೋͭΛਖ਼֬ʹදݱ͢ΔͨΊʹ͸ɺઢܗੑྼԽͷཁҼͱͳ
ΔཁૉΛߟྀ͢Δඞཁ͕͋Δɻ
೾ܗऔಘਫ਼౓ʹ͸ϞχλγεςϜͷೖग़ྗಛੑͱిѹͷޡݕग़Λى͜
͢ಈతͳిѹόϥ͖͕ͭີ઀ʹؔ܎͠ɺ೾ܗऔಘ଎౓ʹରͯ͠΋ిѹό
ϥ͖ͭ͸ΞϧΰϦζϜʹΑΔ Vref ૢ࡞ͷޡ༠ಋͱ͍͏఺Ͱେ͖ͳӨڹΛ
࣋ͭɻͦͷͱ͖ిѹόϥ͖ͭ͸ LCʹΑͬͯൺֱ͞ΕΔ 2஋ Vref ͱ Visͷ
೤ࡶԻ༝དྷͷ७ਮͳిѹํ޲ͷόϥ͖ͭ (Fig. 2.16(a))ͱɺϞχλγες
Ϝ಺ͷλΠϛϯάδολʹΑΓຊདྷͷ TsmpͱҟͳΔ࣌఺ͷ VisΛऔಘ͢
Δ͜ͱʹΑΔόϥ͖ͭ (Fig. 2.16(b))ʹେผ͞ΕΔɻ
Ҏ߱ͦΕΒͷཁૉΛߟྀͨ͠ಈ࡞ϞσϧͷఏҊٴͼղੳ݁Ռͱ࣮ଌ݁
ՌͷൺֱΛߦ͏ɻ
(a) (b)
V
TTsmp
V
TTsmp
Figure 2.16: Voltage variation from (a)voltage variation and (b)timing
variation.
2.5.1 Ϟσϧ֓ཁ
ಈ࡞ϞσϧʹඞཁͳύϥϝλΛҎԼʹྻڍ͢Δɻ
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Visςʔϒϧ औಘର৅ͷ೾ܗΛλΠϛϯάʹର͢Δిѹͱͯ͠هड़͢Δɻ
ೖྗஈʹDCඇઢܗੑؚ͕·ΕΔ৔߹ɺ͜ͷσʔλͷ࣌఺ͰͦΕΛ
෇Ճ͓ͯ͘͠ɻ
Tsmpςʔϒϧ ର৅೾ܗΛऔಘ͢ΔλΠϛϯάΛͦΕͧΕهड़͢Δɻಈ࡞
Ϟσϧ͸ه͞ΕͨλΠϛϯάͷॱ൪ʹର৅೾ܗΛऔಘ͢ΔɻTsmpଆ
ʹఆৗతʹඇઢܗੑ͕͋Δ৔߹͜ͷσʔλʹ෇Ճ͓ͯ͘͠ɻ
Vref ςʔϒϧ ର৅೾ܗͷ཭ࢄԽʹ༻͍Δిѹ஋Λॱʹهड़͢ΔɻVref ଆ
ʹ࿪Έ౳ͷඇઢܗੑ͕͋Δ৔߹͜ͷσʔλʹ෇Ճ͓ͯ͘͠ɻ
ਖ਼ن෼෍ཚ਺ςʔϒϧ ಈ࡞γϛϡϨʔγϣϯϓϩάϥϜதͰ༻͍Δਖ਼ن
ཚ਺Λॱʹهड़͢ΔɻϓϩάϥϜதͰϥϯμϜੑΛ࣋ͬͨཁૉΛܭ
ࢉ͢Δࡍʹ࢖༻͢ΔɻϓϩάϥϜதͰੜ੒͢Δ͔طଘͷςʔϒϧΛ
༻͍Δ͔બ୒ՄೳͰ͋Δɻ
ΣDoutςʔϒϧ VrefͱVisͷిҐࠩʹର͠ΣDoutͷ஋Λهड़͢Δɻϓϩά
ϥϜதͰੜ੒͢Δ͔طଘͷςʔϒϧΛ༻͍Δ͔બ୒ՄೳͰ͋Δɻ
ಈ࡞γϛϡϨʔγϣϯϓϩάϥϜ ಈ࡞γϛϡϨʔγϣϯͷ਌ϓϩάϥϜ
Ͱ͋Γɺ֤ύϥϝλΛ༻͍γϛϡϨʔγϣϯΛ࣮ߦ͢Δɻ཭ࢄԽ࣌
ʹൃੜ͢Δిѹόϥ͖ͭɺλΠϛϯάόϥ͖ͭͷྔ΋هड़͞ΕΔɻ
೾ܗऔಘΞϧΰϦζϜͷهड़΋ؚ·Ε͓ͯΓɺ࣮ଌ༻ΞϧΰϦζϜ
ͱಉ͡ɺຢ͸౳Ձͳڍಈͷهड़͕ͳ͞ΕΔɻຊϓϩάϥϜ͸εΫϦ
ϓτݴޠͷҰͭͰ͋ΔRubyʹͯهड़͞Ε͍ͯΔɻ
࣍ʹಈ࡞γϛϡϨʔγϣϯϓϩάϥϜͷϑϩʔΛ Fig. 2.17ʹࣔ͢ɻϑ
ϩʔ͸ Fig. 2.17ͷΑ͏ʹ 4෦෼ʹ෼ׂՄೳͰ͋Γɺಉ༷ʹϓϩάϥϜ಺
ͷػೳ΋ 4ϒϩοΫʹ෼ׂՄೳͰ͋Δɻ
TsmpδΣωϨʔλ TsmpςʔϒϧʹԠͨ͡λΠϛϯάΛઃఆ͢ΔϒϩοΫɻ
ΞϧΰϦζϜύʔτ هड़ͨ͠ΞϧΰϦζϜʹج͖ Vref Λઃఆ͢Δϒϩ
οΫɻ
Vref − VisδΣωϨʔλ Tsmp ʹόϥπΩΛՃ͑ͨλΠϛϯάͷ Vis Λ Vis
ςʔϒϧ͔Βಋग़ɺVref ʹόϥ͖ͭΛՃ͑ͨ஋ͱ VisΛൺֱ͠൑ఆ
͢ΔϒϩοΫɻ
೾ܗσʔλετϨʔδ ಛఆͨ͠ిѹ஋Λ Tsmpςʔϒϧͷ֤ཁૉʹରԠ
͢ΔܗͰอଘ͢ΔϒϩοΫɻ
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Figure 2.17: Behavioral model flow.
2.5.2 όϥ͖ͭಋग़
ϞχλγεςϜͷόϥ͖ͭ͸PFEͷ੩ಛੑ (Fig. 2.3(a))͔Β΋֬ೝͰ
͖Δɻ͞Βʹৄࡉʹࣔͨ͠΋ͷΛFig. 2.18ʹࣔ͢ɻ·ͨɺVrefٴͼ Visʹ
෼෍ σPͷਖ਼نཚ਺Λ෇Ճͨ݁͠Ռ΋͋Θͤͯࣔ͢ɻ͜ͷ σP = 3.0 mV
ͷͱ͖࠷΋࣮ଌ஋ʹۙ઀͢ΔͨΊɺຊಈ࡞ϞσϧͰ͸Ҏ߱͜ͷ஋Λ࢖༻
͢Δɻ
࣍ʹɺిѹґଘɺ࣌ؒґଘͷόϥ͖ͭΛಋग़͢ΔɻTsmpͷ࣌ؒόϥͭ
͖͸ 140पظ෼ͷ೾ܗऔಘͷॏͶ߹ΘͤΑΓಋग़͢Δɻ140पظ෼ͷ 100
MHz, 100 mVpp ͷਖ਼ݭ೾ͷॏͶ߹Θͤ݁ՌΛFig. 2.19(a)ʹϓϩοτ͢
Δɻ·ͨɺ֤Ґ૬ʹ͓͚Δిѹ஋ͷ෯ (Vmax − Vmin)Λ Fig. 2.19(b)ʹࣔ
͢ɻਤΑΓɺਖ਼ݭ೾ͷΔV/ΔT ͕େ͖͍Օॴɺ͢ͳΘͪ࣌ؒόϥ͖ͭͷ
Өڹ͕ग़΍͍͢΄Ͳ Vmax − Vmin͕େ͖͍͜ͱ͕ಡΊΔɻ͜ͷͱ͖ɺ1α
ΠΫϧͷதͰ Vmax − Vminͷ࠷େ஋Λ Vspreadͱ͢Δ (ࣜ 2.4)ɻಉ༷ͷॏͶ
߹ΘͤΛ 1 GHz ͷਖ਼ݭ೾ʹରͯ͠ߦͬͨ΋ͷΛ Fig. 2.19(c)ɺҐ૬ͱి
ѹ஋ͷ෯Λ Fig. 2.19(d)ʹࣔ͢ɻਤΑΓɺ100 MHz೾ܗʹର͠ 1 GHz ೾
ܗ͸ΔV/ΔT ͕େ͖͍ͨΊ Vspread͕େ͖͍͜ͱ͕ಡΈऔΕΔɻप೾਺ຖ
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ͷ VspreadΛFig. 2.20ʹࣔ͢ɻVspread͕प೾਺ʹରͯ͠΄΅ઢܗʹ্ঢ͠
͓ͯΓɺ௚ઢۙࣅ͔ΒɺσT=12 ps ͕ಋग़͞ΕΔɻ
Vspread = max×ΔV/ΔT (2.4)
2.5.3 ੑೳղੳ
ిѹόϥ͖ͭ σV ͱ࣌ؒόϥ͖ͭ σT͕ಋग़͞ΕΕ͹ɺFig. 2.17ͷϑ
ϩʔͰಈ࡞γϛϡϨʔγϣϯ͕ՄೳͱͳΔɻಈ࡞γϛϡϨʔγϣϯͷ݁
ՌΛFig. 2.21ʹࣔ͢ɻάϥϑΑΓɺ2࣍ɺ3࣍ߴௐ೾੒෼ɺϊΠζϑϩΞ
ͷϨϕϧ౳ʹର͠ߴ͍Ұக౓͕͋Δͱ͍͑Δɻ࣮ଌ೾ܗ͸௿प೾੒෼͕
एׯ্͕͍࣋ͪͬͯΔ͕ɺ࣮ݧ؀ڥͷԹ౓มԽʹΑΔ೾ܗͷ༳Β͗ͳͲ
͕ݪҼͱࢥΘΕΔɻ·ͨɺಉ༷ͷൺֱΛ 10 MHzɾ200 mVppɺ100 MHzɾ
100 mVppɺ100 MHzɾ200 mVppͷ৚݅ʹର࣮ͯ͠ߦ͠ɺͦͷࡍͷ SNൺ
Λ Fig. 2.22ʹࣔ͢ɻ·ͨɺಉάϥϑʹ͸࣌ؒόϥ͖ͭɾిѹόϥ͖ͭͷ
஋Λߟྀͤͣʹಈ࡞γϛϡϨʔγϣϯΛߦͬͨ৔߹ͷ݁Ռ΋ൺֱͷͨΊ
ซه͍ͯ͠ΔɻάϥϑΑΓɺશମతʹ SNR͕࣮ଌʹۙ͘཈͑ΒΕɺಛʹ
100MHz೾ܗऔಘ࣌ͷ SNൺ͕࣮ଌʹ͍ۙ͜ͱ͕ಡΈऔΕΔɻ͜Ε͸ɺి
ѹόϥ͖ͭΛ෇Ճ͢Δ͜ͱʹΑΓϊΠζϑϩΞ͕࣮ଌʹۙ͘ͳΓɺ࣌ؒ
όϥ͖ͭΛ෇Ճ͢Δ͜ͱʹΑΓߴप೾৴߸೾ܗऔಘʹ͓͚ΔΫϩοΫδο
λͷӨڹ͕ਖ਼͘͠࠶ݱ͞Ε͍ͯΔ͜ͱΛҙຯ͍ͯ͠Δɻ
࠷ޙʹɺ͜ΕΒͷ৚݅Ͱ೾ܗऔಘΛ͢Δࡍͷ೾ܗऔಘ࣌ؒʹؔͯ͠ɺ࣮
ଌͱಈ࡞Ϟσϧղੳɺ͞Βʹൺֱ༻ͱͯ͠όϥ͖ͭΛ෇Ճ͠ͳ͍৔߹ͷ
ಈ࡞Ϟσϧղੳͷൺֱ݁ՌΛFig. 2.23ʹࣔ͢ɻ୯Ґ͸Transaction/point
Ͱ͋Γɺ͜ͷͱ͖Transaction͸ిѹมߋͷͨΊʹߦ͏֎෦ଌఆثͱͷ௨
৴Λҙຯ͢Δɻ೾ܗऔಘ࣌ؒʹ͍ͭͯ΋ɺTransactionճ਺͸όϥ͖ͭΛ
෇Ճ͢Δ͜ͱͰಈ࡞Ϟσϧʹۙ͘ͳ͍ͬͯΔɻಛʹɺ࣌ؒόϥ͖ͭͷ૬
ରతͳӨڹ͕ߴप೾৴߸ଌఆͰ͸૿Ճ͢ΔͨΊɺର৅೾ܗͷ୳ࡧʹѱӨ
ڹΛٴ΅͕͢ɺఏҊ͢Δಈ࡞ϞσϧͰ͸ͦΕΒͷӨڹΛߟྀ͢Δ͜ͱͰɺ
ϞχλγεςϜͷڍಈͦͷ΋ͷΛΑΓ࣮ଌʹ͍ۙܗͰ࠶ݱ͢Δ͜ͱ͕Մ
ೳͱͳͬͨɻ·ͨɺ͜ΕΒͷಈ࡞Ϟσϧղੳ͸୯७ͳ਺஋ܭࢉͷΈͰߦ
͏ͨΊ 1࣌ؒఔ౓ͷ࣮ଌΛ਺ඵͰ࠶ݱՄೳͰ͋Γɺճ࿏γϛϡϨʔγϣϯ
(Ncompճͷ LCൺֱΛߦ͏৔߹ 100೔ɺ1ճͷ LCൺֱͰ೾ܗऔಘΛ໛ٖ
͢Δ৔߹਺࣌ؒ)ΑΓ΋ߴ଎Ͱ͋Δɻ
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Figure 2.18: Capturing static response of PFE in behavioral expression
with σP.
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Figure 2.19: (a) Superposition of sinusoidal waveforms after acquisition
for 140 cycles @100 MHz 100 mVpp. (b) Derived voltage variation at
each sample timing @ 100 MHz 100 mVpp. (c) Superposition of sinusoidal
waveforms after acquisition for 140 cycles @1 GHz 100 mVpp. (d) Derived
voltage variation at each sample timing @ 1 GHz 100 mVpp.
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Figure 2.20: Capturing AC response of PFE in behavioral expression with
σT.
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Figure 2.21: 10 MHz, 100 mVpp simulated and measured AC respoinse.
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Figure 2.22: Simulated and measured AC dynamic range.
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Figure 2.23: Simulated and measured throughput of waveform acquisi-
tion.
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2.6 ݁ݴ
ຊষͰ͸ɺνοϓ಺ͷిݯάϥ΢ϯυϊΠζɺ৴߸Λߴਫ਼౓ʹධՁ͢
ΔͨΊͷΦϯνοϓϞχλγεςϜΛఏҊɺΞϨΠԽ͕༰қͰ֦ுੑʹ
༏ΕΔ PFEͱͦΕΒΛ౷ׅ͢ΔDPUΛࢼ࡞νοϓʹ౥ࡌͨ͠ɻϑϩϯ
τΤϯυͰର৅೾ܗΛ཭ࢄԽ͢ΔͨΊͷλΠϛϯά৴߸ɾࢀরిѹΛ֎
෦ΑΓڙڅ͢Δ࠷খߏ੒ͷ೾ܗऔಘγεςϜΛߏங͠ɺ೾ܗऔಘਫ਼౓ٴ
ͼ೾ܗऔಘ଎౓ͷධՁΛߦͬͨɻ
݁ՌɺSNDRͰ 56.1 dBɺSFDRʹ͓͍ͯ 60.7 dBͷੑೳΛ࣮ݱ͠ɺ༗
ޮϏοτ਺ʹ͓͍ͯ 9 bit૬౰ͷੑೳ͕͋Δ͜ͱΛࣔͨ͠ɻ·ͨɺͦͷ೾
ܗऔಘʹ͓͍ͯ࠷΋೾ܗऔಘ଎౓ʹӨڹ͢Δͱߟ͑ΒΕΔࢀরిѹૢ࡞
ͷճ਺Λ࠷খԽ͢ΔͨΊͷΞϧΰϦζϜΛద༻͠ɺΞϧΰϦζϜద༻લ
ͱൺֱ͠ 99.34%ͷτϥϯβΫγϣϯ਺࡟ݮΛୡ੒ͨ͠ɻ
·ͨɺಛʹߴप೾ͷ೾ܗऔಘ࣌ʹແࢹͰ͖ͳ͘ͳΔγεςϜதͷλΠ
ϛϯάδολͳͲɺిѹٴͼ࣌ؒόϥ͖ͭΛ࠶ݱ͢ΔͨΊͷಈ࡞Ϟσϧ
Λ࡞੒͠ɺߏஙͨ͠γεςϜͷڍಈٴͼऔಘͨ͠೾ܗͷઢܗੑͳͲΛ࠶
ݱͨ͠ɻϞχλγεςϜͷಈ࡞Ϟσϧͷ࡞੒ʹΑΓɺҟͳΔϓϩηεϊʔ
υͰઃܭͨ͠ϞχλγεςϜͷੑೳݟੵ΋Γɺऔಘ೾ܗ͔Β࣌ؒόϥͭ
͖ʹΑΔϊΠζΛআڈ͢ΔͨΊʹඞཁͳฏۉԽճ਺ͷݟੵ΋Γ͕༰қͱ
ͳͬͨɻ
44
45
ୈ3ষ
3࣍ݩ࣮૷γεςϜͷͨΊͷΦϯ
νοϓධՁܥͷఏҊͱධՁ
3.1 ॹݴ
Φϯνοϓ೾ܗऔಘٕज़͸ LSI಺෦ͷి࣓์ࣹ΍ͦΕʹର͢Δ଱ੑͳ
Ͳɺ͞·͟·ͳݱ৅ͷ஌ݟΛ΋ͨΒ͖ͯͨ͠ɻσδλϧճ࿏಺෦ͷిݯ
ٴͼάϥ΢ϯυϊΠζ೾ܗ [48][49]͕஗Ԇมಈͱؔ࿈෇͚ΒΕ؍ଌ͞Εɺ
ج൘ϊΠζ೾ܗ͕RF௨৴ճ࿏ʹٴ΅͢Өڹ [50][51]͕Φϯνοϓ೾ܗऔ
ಘٕज़ʹΑΓ؍ଌ͞Εͨɻۙ೥Ͱ͸TSVΛ༻͍ͨ 3࣍ݩ࣮૷൒ಋମͷి
ݯωοτϫʔΫٴͼ৴߸ωοτϫʔΫͷݕূ [52][53][5]͕ߦΘΕͨɻ
Φϯνοϓ೾ܗऔಘճ࿏ߏ੒ʹ͸ɺؒ઀తͳిѹηϯγϯά [54]ɺߴ
෼ղೳαϯϓϦϯά [55]ɺిѹରप೾਺ม׵Λར༻ͨؒ͠઀తଌఆख๏
[56]ɺ࿈ଓ࣌ؒࣜΞφϩάόοϑΝϦϯά [57]౳ɺ༷ʑͳํ͕ࣜଘࡏ͢Δɻ
Φϯνοϓ೾ܗऔಘͷ༗ޮੑ͸͜ΕΒैདྷݚڀ͕ূ໌͖͕ͯͨ͠ɺΦ
ϯνοϓ೾ܗऔಘͷํࣜ͸౥ࡌ͞ΕΔγεςϜɺର৅ͱ͢Δ෺ཧྔʹΑ
Γݫબ͞ΕΔ΂͖Ͱ͋Δɻ
ຊষͰ͸ࡾ࣍ݩ࣮૷ LSI಺෦ͷిݯٴͼ৴߸ઢ্ͷ೾ܗʹয఺Λ౰ͯ
͓ͯΓɺνοϓελοΫʹΑΓର৅ͱ͢Δճ࿏͕ผͷνοϓʹΑΓӅ͞
Εͯ͠·͏Մೳੑ͕͋Δ 3࣍ݩੵ૚ LSIʹ͓͍ͯ͸ɺΦϯνοϓͰ׬݁
ͨ͠೾ܗऔಘ͕ඞਢͰ͋Δͱ͍͑Δɻ·ͨɺࡾ࣍ݩ࣮૷ LSIͷ੡଄ʹ͓
͍ͯ͸ੵ૚޻ఔʹ͓͚Δෆ۩߹ʹΑΓาཹ·Γ͕ྼԽ͢Δ͜ͱ͕໰୊Ͱ
͋ΓɺϞχλγεςϜ΋ྫ֎ͳ͘ӨڹΛड͚Δɻྑ඼μΠʹෆྑμΠΛ
ੵ૚ͯ͠͠·͏͜ͱɺੵ૚࣌ʹνοϓؒͷ઀߹ʹෆྑ͕ൃੜ͠Φʔϓϯ
ͱͳͬͯ͠·͏͜ͱ͕ߟ͑ΒΕΔ͕ɺෆྑ͕ൃੜ͠͏Δ৚݅ԼͰ΋Ϟχ
λͷՔಇ཰Λ্͛σʔλΛճऩ͢Δ͜ͱ͕ॏཁͰ͋ΓɺෆྑൃੜݪҼڀ
໌ͷॿ͚ʹ΋ͳΔͨΊɺࡾ࣍ݩ࣮૷؀ڥʹ࠷దͳϞχλγεςϜ͕ٻΊ
ΒΕΔɻ
ຊষͰ͸ҎԼɺୈ 2અͰ 3࣍ݩੵ૚γεςϜͷͨΊͷΦϯνοϓϞχ
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λγεςϜΛఏҊ͢Δɻୈ 3અͰఏҊγεςϜͷ೾ܗऔಘੑೳΛධՁ͠ɺ
ୈ 4અͰ 3࣍ݩੵ૚γεςϜʹ͓͚Δ೾ܗऔಘγεςϜٴͼऔಘ೾ܗʹ
͍ͭͯٞ࿦͢Δɻୈ 5અͰຊষͷ݁࿦Λड़΂Δɻ
3.2 ੵ૚ΦϯνοϓϞχλγεςϜ
Fig. 3.1ʹ 3࣍ݩ࣮૷؀ڥʹ͓͚Δ૚಺೾ܗऔಘͷͨΊͷΦϯνοϓ
Ϟχλ࣮૷ྫͷΠϝʔδΛࣔ͢ɻTSV͸ബԽ͞Ε্ͨ૚μΠʹܗ੒͞Εɺ
μ-όϯϓͱ͋ΘͤͯԼ૚μΠͷ഑ઢͱͷਨ௚݁߹Λܗ੒͢ΔɻԼ૚μΠ
͸௨ৗͷμΠͷް͞Ͱ͋Γɺੵ૚ߏ଄Λ෺ཧతʹอ࣋͢Δ໾ׂ΋࣋ͬͯ
͍Δɻ
[42]ʹఏҊ͞ΕΔPFEճ࿏͸ɺ֤૚ͰΞϨΠߏ଄Λߏ੒͠ɺ࣮૷͞Ε
ͨ૚ʹ͓͍ͯର৅ͷ೾ܗΛऔಘ͠σδλϧԽ͢Δɺ׬݁ͨ͠γεςϜͱ
ͳ͍ͬͯΔɻ؍ଌ఺ͱͯ͠͸ɺిݯ (Vdd)ϥΠϯٴͼάϥ΢ϯυ (Vss)ϥ
Πϯ͔ΒͳΔPDNɺάϥ΢ϯυిҐʹόΠΞε͞ΕͨγϦίϯج൘ɺճ
࿏ϒϩοΫ಺ͷ৴߸ϊʔυ͕ڍ͛ΒΕΔɻ͜ΕΒͷ؍ଌ఺͔ΒಘΒΕͨ
σʔλ͸ɺ3࣍ݩ࣮૷νοϓͷ෺ཧత׬શੑɺిݯٴͼ৴߸׬શੑɺ͞Β
ʹ͸ి࣓؀ڥཱ྆ੑ (Electromagnetic Compatibility, EMC)౳ͷղ໌ʹ
༗༻Ͱ͋Δͱݴ͑Δɻ
୯Ұͷ PFE͕ΞϨΠͷத͔Βબ୒͞Εɺͦͷग़ྗ͕DPUʹΑΓΧ΢
ϯτΞοϓ͞Ενοϓ֎෦ʹग़ྗ͞ΕΔɻDPUग़ྗٴͼϦηοτ৴߸͸
֤૚Ͱݸผʹ༻ҙ͞Ε͓ͯΓɺͦͷଞ͸ڞ༗ϊʔυͱͳ͍ͬͯΔɻ·ͨɺ
TSVͷෆྑ౳ɺਨ௚݁߹ͷෆ۩߹ʹඋ͑ͯɺTSV͸ 1ϊʔυʹର͠ 2ͭ
Ҏ্࢖༻͞ΕΔɻݸผɺڞ༗ϊʔυʹؔΘΒͣશͯͷ૚΁ͷΞΫηε͸
্૚ʹूத͠ɺ(্Լͷ૚ͰμΠͷαΠζ͕ҟͳΔ৔߹͸Լ૚͔ΒΞΫη
εՄೳͳ৔߹΋͋Δ͕)Լ૚ͷݸผϊʔυ΋TSVΛ௨্͠૚ʹ༻ҙ͞Ε
ͨύουʹ઀ଓ͞ΕΔɻ্૚μΠ͔Β͸ μ-όϯϓ΍ϘϯσΟϯάϫΠϠ
Λ௨ͯ͠ύοέʔδɺຢ͸௚઀ PCBʹ઀ଓ͞ΕΔɻ
3.2.1 PFEͷ৑௕ߏ੒
ੵ૚͞Εͨ 2૚Ҏ্ͷνοϓʹΘͨΓPFE͕഑ஔ͢Δ৔߹ɺ֤PFEΛ
௚ྻ઀ଓ (Fig. 3.2(a))͢Δ͔ɺ૚͝ͱʹฒྻ઀ଓ (Fig. 3.2(b))͢Δ͔ͷ
2௨Γ͕ߟ͑ΒΕΔɻ໘ੵٴͼ I/O਺ͦͷ΋ͷ͸௚ྻ઀ଓ͕༏Ε͍ͯΔ
͕ɺͲ͔͜ 1ՕॴͷνΣΠϯ్͕੾ΕΔͱશͯͷγεςϜ͕࢖༻ෆೳʹ
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Figure 3.1: Embedding OCM system in 3D chip stack.
ͳΔةݥੑ͕͋ΔɻͦͷͨΊɺຊষͰ͸͋Δఔ౓ͷ໘ੵɾೖग़ྗϙʔτ਺
ΦʔόʔϔουͱҾ͖׵͑ʹσʔλϑϩʔΛ૚͝ͱʹಠཱͤ͞ɺTSV΋
1ͭͷ৴߸ઢʹର͠ 2ຊ༻͍͍ͯΔɻೖྗ৴߸͸ϦηοτΛআ͖શͯڞ௨
Ͱ͋Γɺ࢖༻͢Δ૚Ҏ֎ΛϦηοτ্ͨ͠Ͱ࢖༻νϟωϧΛܾఆ͢Δɻ
͜ͷ৑௕ߏ੒ͷ࠷େͷར఺͸าཹ·ΓͰ͋ΓɺͲ͔͜ 1ՕॴͷTSVʹ
ෆ۩߹͕ൃੜͯ͠΋શͯͷ PFEʹ·ͰΤϥʔ͕ٴͿ͜ͱ͕ͳ͍ɻ·ͨɺ
֤૚Ͱಠཱͨ͠γεςϜͱͳ͍ͬͯΔͨΊɺੵ૚લͷ୯ҰμΠͰྑ඼μ
Π (Known Good Die, KGD)Λݟ͚ͭग़͢͜ͱ΍ɺੵ૚աఔຖͷධՁ͕
ՄೳͰ͋Δɻ͜͏͍ͬͨ৑௕ੑͱධՁͷࣗ༝౓͸ɺಛʹ࣮ݧϓϩηεΛ
༻͍͓ͯΓTSV΍ੵ૚ϓϩηεͷະ੒ख़ͳγεςϜʹ͓͚ΔৄࡉͳධՁ
ΛՄೳʹ͢Δɻ
Fig. 3.2(c)ʹ֤઀ଓख๏Ͱͷෆ۩߹ൃੜ཰Λࢼࢉͨ͠৔߹ͷϓϩοτ
Λࣔ͢ɻ੺ઢ͸௚ྻ઀ଓ࣌ʹ͍ͣΕ͔ͷTSVʹෆྑ͕ൃੜ͠ɺγεςϜ
શମʹӨڹ͕ٴͿ֬཰Ͱ͋Δɻ੨ઢ͸ฒྻ઀ଓ࣌ʹ࠷΋৚݅ͷݫ͍͠ (࠷
΋ଟ͘ͷTSVΛܦ༝͢Δ)૚ͷϞχλγεςϜ͕ಈ࡞ෆೳʹͳΔ֬཰Ͱ
͋Δɻฒྻ઀ଓ࣌ͷෆྑൃੜ཰͸௚ྻ઀ଓ࣌ͱൺֱ͠௿͘཈͑ΒΕɺ͞Β
ʹෆ۩߹͕ൃੜ͍ͯͯ͠΋ଞͷ૚ͰධՁͰ͖ΔՄೳੑ͕࢒͍ͬͯΔɻFig.
3.2(d)ʹෆ۩߹ൃੜ཰ͷ਺஋Λࣔ͢ɻ͜ͷͱ͖ͷࢼࢉͰ͸ɺTSVͷෆ۩
߹ൃੜ཰͸ 5%ͱ͍ͯ͠Δɻ
3.2.2 ࢀরిѹੜ੒ճ࿏
VG͸DAC(Digital to Analog Converter)ʹΑΓɺVrefΛੜ੒͢Δճ࿏
Ͱ͋Δɻຊ࿦จͰ͸VG͸ 10 bitͷίʔυΛݩʹిྲྀ IoutΛੜ੒͢Δి
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Figure 3.2: (a)Serial configuration of PFEs, (b) pallarel configuration, (c)
Data path failure ratio, and (d)table of failure ratio.
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ྲྀݯϒϩοΫɺIout͔Β܏ࣼɾΦϑηοτ͖ͭͷిѹ஋ VoutΛܾఆ͢ΔՄ
ม఍߅ϒϩοΫ͔ΒͳΔɻVGͷߏ੒ΛFig. 3.3(a)ʹࣔ͢ɻిྲྀݯϒϩο
Ϋ͸ 10 bitίʔυʹΑΓ੍ޚ͞ΕΔ 1024ݸͷఆిྲྀݯ͔ΒͳΓɺ೚ҙͷ
IoutΛग़ྗ͢ΔɻՄม఍߅ϒϩοΫͰిྲྀΛిѹʹม׵ɺͦͷࡍͷՄม఍
߅RrangeʹΑΓ Ioutʹର͢Δ VoutมԽͷ܏͕ࣼɺՄม఍߅RoffsetʹΑΓ
ग़ྗ͞ΕΔ VoutͷΦϑηοτ͕ܾఆ͞ΕΔɻVGΑΓग़ྗ͞ΕΔ܏ࣼɾΦ
ϑηοτͷҟͳΔిѹͷΠϝʔδΛ Fig. 3.3(b)ʹࣔ͢ɻ
VG΁ͷೖྗͱͯ͠ඞཁͳ৴߸͸ɺ10 bitͷࢀরిѹΛܾఆ͢Δίʔυɺ
Մม఍߅ͷ஋Λܾఆ͢ΔίʔυͰ͋Δɻ·ͨɺνοϓ֎ΑΓ VGΛ੍ޚ
͢Δ৔߹͸ϐϯ਺࡟ݮͷͨΊʹɺΧ΢ϯλΛ༻͍ͯ 10bitͷίʔυΛܾఆ
͠ɺγϑτϨδελΛ༻͍ͯՄม఍߅ϒϩοΫͷઃఆΛೖྗ͍ͯ͠Δɻ͜
ͷํࣜΛ༻͍ͨ৔߹ɺVG΁ͷೖྗʹඞཁͳ΋ͷ͸ 10 bitίʔυΛΠϯΫ
Ϧϝϯτ͢ΔͨΊͷύϧεͱϦηοτ৴߸ɺγϑτϨδελ΁ͷΫϩοΫ
ͱσʔλͷΈʹͳΔɻ͞ΒʹɺγϑτϨδελʹؔͯ͠͸ޙड़ͷ TGͱ
ͷ઀ଓʹΑΓɺશମͷϐϯ਺͸͞Βʹগͳ͘͢Δ͜ͱ͕ՄೳͰ͋Δɻ
Figure 3.3: Voltage generator (a) schematic diagram and (b) output im-
age.
3.2.3 αϯϓϦϯάλΠϛϯάੜ੒ճ࿏
TG͸ڙڅ͞ΕΔଌఆ༻ΫϩοΫMclkʹ೚ҙ௕ͷ஗ԆΛ෇Ճ͠ɺPFE
ʹڙڅ͢ΔαϯϓϦϯάΫϩοΫ TsmpΛੜ੒͢Δճ࿏Ͱ͋Δɻຊ࿦จͰ
͸TG͸લड़ͷVGɺҰఆిྲྀΛੜ੒͢Δ୯Ґిྲྀݯɺ୯Ґిྲྀݯ͔Βͷ
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ిྲྀͰνϟʔδ͞ΕΔ༰ྔɺ༰ྔͷిѹ஋ͱ VG͔ΒͷిѹΛൺֱ͢Δ
ίϯύϨʔλ͔ΒͳΔɻTGͷߏ੒ΛFig. 3.4(a)ʹࣔ͢ɻVG͸ 10 bitͷ
ίʔυΛݩʹ܏ࣼɾΦϑηοτ͖ͭͷఆిѹ VvgΛੜ੒ɺTGʹೖྗ͞Ε
ΔΫϩοΫ͕ϋΠʹͳΔͱಉ࣌ʹ୯Ґిྲྀݯ͔Β༰ྔ΁ͷνϟʔδ͕։
࢝͞Εɺ༰ྔͷҰ୺ͷిѹ஋ Vtg͕Ұ༷ʹ૿Ճ͢ΔɻVvgͱ Vtg͕ίϯύ
ϨʔλͰൺֱ͞ΕɺVtg͕ VvgΛ্ճͬͨͱ͖ TGͷग़ྗ͕ϋΠͱͳΔɻ
͜ͷͱ͖ɺVtg͕ VvgΛ্ճΔ·Ͱͷ࣌ؒ͸ VvgʹΑΓࠨӈ͞ΕΔɻΑͬ
ͯɺTGʹೖྗ͞ΕΔΫϩοΫ͕ϋΠʹͳ͔ͬͯΒTGͷग़ྗ͕ϋΠʹͳ
Δ·Ͱͷ࣌ؒΔTsmpΛ VvgͰίϯτϩʔϧՄೳͰ͋ΔɻVvgͱ VtgͰ஗Ԇ
Λੜ੒͢Δ༷ࢠΛ Fig. 3.4(b)ʹࣔ͢ɻ
TG΁ͷೖྗͱͯ͠ඞཁͳ৴߸͸VGͱಉ༷Ͱ͋Γɺ10 bitͷࢀরిѹ
Λܾఆ͢ΔίʔυɺՄม఍߅ͷ஋Λܾఆ͢ΔίʔυͰ͋ΔɻVGಉ༷ɺΧ
΢ϯλٴͼγϑτϨδελΛ༻͍Δ͜ͱͰ஗Ԇ஋ͱՄม఍߅஋ઃఆͷͨ
Ίͷೖྗϐϯ਺Λল͘͜ͱ͕Ͱ͖Δɻ
Figure 3.4: Timing generator (a) schematic diagram and (b) output im-
age.
3.3 ఏҊ೾ܗऔಘγεςϜߏ੒
૚಺ٴͼΦϑνοϓධՁܥΛؚΉ OCMͷߏ੒ྫΛ Fig. 3.5ʹࣔ͢ɻ
Fig. 3.5(a)Ͱ͸ɺFPGA(Field Programmable Gate Array)͸ PFEͷબ
୒৴߸ग़ྗɺDPU͔ΒͷσʔλΛऔಘͱͦΕΛجʹͨ͠DACͷ੍ޚ৴
߸ग़ྗΛߦ͏ɻ೾ܗऔಘλΠϛϯά (Tsmp)ͱࢀরిѹ (Vref)͸ͦΕͧΕ
ύϧεύλʔϯδΣωϨʔλ (PPG)ͱDACΑΓੵ૚γεςϜ಺ͷPFE
ʹڙڅ͞ΕΔɻFig. 3.5(b)Ͱ͸ɺTsmpͱ Vref ͸ͦΕͧΕಉ૚ʹ࣮૷͞Ε
ͨTGͱVGʹΑΓPFEʹೖྗ͞ΕΔɻճ࿏ϒϩοΫؒͷϊΠζ݁߹͕
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ΑΓਂࠁԽ͢Δࡾ࣍ݩੵ૚γεςϜʹ͓͍ͯɺΞφϩά৴߸ੜ੒ɾڙڅ
Λ૚಺Ͱ׬݁ͤ͞Δ͜ͱʹΑΓෆཁͳϊΠζ݁߹Λແ͘͢͜ͱ͕ظ଴Ͱ
͖Δɻ·ͨɺTGͷ࠾༻ʹΑΓޙड़͢Δଌఆ࣌ؒվળ΋ظ଴Ͱ͖Δɻ
PC͕શͯͷଌఆثΛ૯ׅ͓ͯ͠ΓɺPPG͸General Purpose Interface
Bus(GPIBɺIEEE488)ʹΑΓPCͱ઀ଓɺFPGA͸USBΠϯλϑΣʔε
ʹΑΓ੍ޚ͞ΕɺDACٴͼVGɺTG͸FPGA಺ͷγʔέϯεʹΑΓ੍ޚ
͞ΕΔɻPPG͸FPGAͱଌఆର৅ͷશମͷಉظΛͱΔ΄͔ɺFig. 3.5(b)
Ͱ͸ૄεςοϓͷ Tsmpڙڅ (ີεςοϓ͸TGʹΑΓ෇Ճ)ɺFig. 3.5(a)
Ͱ͸શͯͷ TsmpΛڙڅ͢Δɻ
೾ܗऔಘγεςϜͷ଎౓Λܾఆ͢ΔΞϧΰϦζϜ͸ۙ๣Ϛϧνεςο
ϓΞϧΰϦζϜ (Fig. 2.9)[42]Ͱ͋ΓɺຊষͰ͸લষͷ PC্ͷεΫϦϓ
τͰ͸ͳ͘ɺಉҰͷखॱΛ FPGA্ʹ࣮૷ɺFPGA্ͷDAC੍ޚճ࿏
ʹΑΓDACٴͼVGͷిѹΛ੍ޚ͢Δɻ
3.4 γεςϜੑೳධՁ
3.4.1 ઃܭྫ
Fig. 3.6ʹ 65 nm CMOSϓϩηεʹͯࢼ࡞͞ΕͨϓϩτλΠϓͷϒ
ϩοΫਤΛࣔ͢ɻϓϩτλΠϓʹ͸άϥ΢ϯυϨϕϧͱ৴߸ϨϕϧΛධ
Ձ͢ΔͨΊͷ 2छͷPFEɺDPUɺΦϯνοϓͷVGٴͼTGΛ౥ࡌͯ͠
͍Δɻσδλϧճ࿏Ͱ͋ΔDPU͸ిݯిѹ 1.2Vͷඪ४࿦ཧηϧΛ༻͍ɺ
Ξφϩάճ࿏෦͸ిݯిѹ͸ 2.5Vɺ0.28 μm૬౰ͷϓϩηεΛ༻͍ઃܭ
͞Ε͍ͯΔɻ2छͷPFEٴͼVGɺTGͷϨΠΞ΢τɺճ࿏αΠζ΋ಉਤ
ʹࣔ͢ɻ
3.4.2 ઢܗੑධՁ
ϓϩτλΠϓΛ༻͍ͨઢܗੑධՁΛߦͬͨɻνοϓʹਖ਼ݭ೾Λಋೖ͠ɺ
೾ܗऔಘਫ਼౓ٴͼ଎౓ΛධՁͨ͠ɻ(3.1)ࣜΑΓಋग़͞ΕΔSignal to Noise
and Distortion Ratio(SNDR)Λ dB஋ʹͯಋग़͠ɺ(3.2)ࣜͰද͞ΕΔ༗
ޮϏοτ਺ (Effective Number of Bits, ENOB)ΛٻΊͨɻ΋͏ͻͱͭͷ
ਫ਼౓ࢦඪͱͯ͠ɺSpurious Free Dynamic Range (SFDR)΋༻͍͍ͯΔɻ
͜͏ͯ͠ٻΊΒΕͨ஋͸OCMγεςϜશମͷप೾਺ಛੑ΍ϊΠζ݁߹
ʹΑΔੑೳྼԽͳͲ΋ؚ·ΕΔɻ
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USB ctrl.
Clock
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DPU
Tsmp
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IEEE 488
GPIB bus
Dout Pout
USB ctrl.
ctrl.
Clock
TG
VG
PPG
On-chip Off-chip
(a)
(b)
Vin*
Vin*
SF
LC
SF
LC
* Probing point of interest
Figure 3.5: System diagram of OCM including in-stack and off-chip sub-
systems. (a) PFE and DPU are only embedded circuit blocks. (b) PFE
and DPU are integrated with TG and VG.
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Figure 3.6: Chip floor plan and physical layout of OCM system in each
tier.
SNDR =
Psignal
Pnoise + Pdistortion
(3.1)
Fig. 3.7ٴͼ 3.8ʹͦΕͧΕ 0.1 Vத৺ɺ1.15 Vத৺ͷೖྗਖ਼ݭ೾ৼ෯
ରઢܗੑͷධՁ݁ՌΛࣔ͢ɻͦΕͧΕҟͳΔධՁγεςϜΛ༻͍ͨ৔߹
ͷ਺஋Ͱ͋Γɺνοϓ֎DACٴͼPPGΛ༻͍ͨFig. 3.5(a)ͷධՁܥΛ
༻͍ͯಘΒΕͨ SNDRͱ SFDR͸ (a)ʹɺͦͷ͏ͪ SNDR͕࠷ߴ஋ͱͳ
Δऔಘਖ਼ݭ೾ͷप೾਺੒෼ϓϩοτΛ (c)ʹࣔ͢ɻಉ༷ʹɺνοϓ಺VG
ٴͼTGΛ༻͍ͨ Fig. 3.5(b)ͷධՁܥͰಘΒΕͨ SNDRͱ SFDR͸ (b)
ʹɺप೾਺੒෼͸ (d)ʹࣔ͞ΕΔɻ݁Ռɺ0.94 mVɺ1.0 nsͷ෼ղೳʹ͓
͍ͯ಺෦VGͱTGΛ࢖༻ͨ͠৔߹ENOBʹͯ͠ 7.6 bitͷੑೳ͕֬ೝ͞
Εͨɻ͜Ε͸DAC΍ PPGͳͲ֎෦ଌఆܥΛ༻͍ͨ৔߹ͷ SNൺͱ΄΅
౳͍͠ɻ
3.4.3 ଎౓ධՁ
ϞχλγεςϜͷ೾ܗऔಘޮ཰ͱͯ͠ɺ1఺͋ͨΓͷ೾ܗऔಘʹཁ͢Δ
࣌ؒΛεϧʔϓοτ (THP)ͱ͠ධՁͨ͠ɻFig. 3.9ʹ Fig. 3.7ٴͼ Fig.
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Figure 3.7: Dynamic performance of Vss PFE using (a) external
DAC/PPG and (b) on-chip VG/TG. The frequency components for the
highest SNDR in respective measurements are also shown in (c) and (d).
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Figure 3.8: Dynamic performance of Signal PFE using (a) external
DAC/PPG and (b) on-chip VG/TG. The frequency components for the
highest SNDR in respective measurements are also shown in (c) and (d).
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3.8ͷଌఆܥʹ͓͚Δ THPΛࣔ͢ɻ೾ܗऔಘΞϧΰϦζϜͷద༻ʹΑΔ
೾ܗऔಘ࣌ؒͷେ෯ͳ୹ॖޮՌ͕ݟΒΕɺΦϯνοϓ VG/TGΛ༻͍Δ
͜ͱʹΑΓTHP͸ 5.8ഒʹ޲্ͨ͠ɻ͜Ε͸ɺ಺෦VG/TGΛ༻͍Δ͜
ͱʹΑΓPCͱଌఆثͷGPIB௨৴࣌ؒ (1ճ͋ͨΓ਺ඦms)͕࡟ݮ͞Ε
ͨ݁ՌͰ͋Δɻ
External
DAC/PPG
(1.0 mV, 1.0 ns)
On-chip
VG/TG
(0.94 mV, 1.0 ns)
66.14
1.70
0.291
THP
time / point(s)
Brute force
External
DAC/PPG
(1.0 mV, 1.0 ns)
Figure 3.9: Test structure of in-stack waveform monitoring in 3D chip
stack.
3.5 3࣍ݩ࣮૷؀ڥ΁ͷԠ༻
Fig. 3.10ʹ૚಺೾ܗऔಘͷͨΊͷςετνοϓߏ଄Λࣔ͢ɻ্૚ٴͼ
Լ૚ͷμΠ͸ͦΕͧΕݸผͷ PDNΛ͓࣋ͬͯΓɺp+γϦίϯج൘͸ج
൘ίϯλΫτΛ௨ͯ͠ Vssͱ઀ଓ͞Ε͍ͯΔɻ·ͨɺPFEͷΨʔυϦϯ
άͰ͋Δ Vsub͸্૚Լ૚ڞ௨ͷ PDNΛ࣋ͪɺ্૚Լ૚ͷج४ిҐΛڙ
څ͍ͯ͠Δɻ
͜ͷଌఆͰ͸ 0 Vத৺ͷਖ਼ݭ೾্͕૚ຢ͸Լ૚ͷ Vssʹڙڅ͞ΕɺԼ૚
ͷج൘ʹͯOCMʹΑΓऔಘ͞Ε͍ͯΔɻϫΠϠϦϯάʹΑΓԼ૚ʹಋ
ೖ͞Εͨਖ਼ݭ೾͸Լ૚ͷPFEʹΑΓऔಘ͞Εɺ্૚ʹಋೖ͞Εͨਖ਼ݭ೾
͸ج൘఍߅Λհͯ͠Լ૚ʹ఻೻͠ɺԼ૚ͷ PFEʹΑΓऔಘ͞ΕΔɻ
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Լ૚ͷ PFEʹΑΓऔಘ͞Εͨ೾ܗΛ Fig. 3.11ʹࣔ͢ɻ௚઀Լ૚ʹೖ
ྗ͞Εͨ೾ܗɺ্૚ʹೖྗ͞ΕͨޙԼ૚ʹ఻೻ͨ͠೾ܗͱ΋ʹԼ૚PFE
ʹΑΓऔಘ͞Ε͍ͯΔɻFig. 3.11(a)ʹࣔ͞ΕΔ௚઀ೖྗ͞Εͨਖ਼ݭ೾ʹ
ର͠ɺFig. 3.11(b)ʹࣔ͞ΕΔ఻೻೾ܗ͕ݮਰ͞Ε͍ͯΔɻ͜Ε͸ɺVss
ϊʔυͷTSVͷଆนΛհͯ͠఻೻ɺຢ͸ VsubϊʔυͷTSVΛհͯ͠఻
೻͍ͯ͠Δҝͱߟ͑ΒΕΔɻ
ϞχλγεςϜΛ૚಺ʹ࣮૷͢Δ͜ͱʹΑΓఆྔతͳ೾ܗධՁ͕Մೳ
ʹͳΔ͜ͱ͕ࣔ͞Εͨɻ͜ͷ͜ͱ͔Βɺੵ૚ʹΑΓ௚઀ϓϩʔϏϯά͕
ࠔ೉ͳ৔߹ʹ͓͍ͯ΋ఏҊख๏Λ༻͍ͯిѹٴͼλΠϛϯά౳ͷ෺ཧྔ
औಘ͕ՄೳʹͳΔͱ͍͑Δɻ
Noise propagation from top tier
Noise injection to bottom tier
Monitoring on bottom tier
Figure 3.10: Test structure of in-stack waveform monitoring in 3D chip
stack.
3.6 ݁ݴ
ຊষͰ͸ɺ3࣍ݩੵ૚LSIʹ͓͚Δ૚಺ධՁͷͨΊͷϞχλγεςϜͷ
ఏҊɾධՁܥͷߏஙΛߦͬͨɻ
Φϯνοϓ࣮૷ͨ͠ࢀরిѹɾαϯϓϦϯάλΠϛϯάੜ੒ճ࿏Λ༻
͍ͨ೾ܗऔಘʹΑΓPCͱͷ௨৴Φʔόʔϔου͕վળ͞ΕɺΦϑνοϓ
ిѹݯɾλΠϛϯάݯΛ༻͍ͨ৔߹ʹର͢Δ 5.8ഒͷߴ଎ԽޮՌ͕ಘΒΕ
ͨɻ·ͨɺ3࣍ݩੵ૚ ICʹ͓͍ͯɺνοϓελοΫʹΑΓӅΕͨྖҬͰ
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Figure 3.11: Sinusoidal waveforms monitored on bottom chip. Sinusoids
are input to (a) bottom and (b) top Vss networks.
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ͷ೾ܗऔಘ͕ΦϯνοϓϞχλʹΑΓୡ੒͞Εͨɻ͜ΕΒ͸ෳࡶԽɾେ
ن໛Խ͢Δ 3࣍ݩੵ૚ LSIͷ಺෦೾ܗධՁʹෆՄܽͳཁૉͰ͋Δɻ
3࣍ݩ࣮૷ʹ͓͚ΔνοϓελοΫʹΑΓӅΕͨྖҬͷಛੑධՁ͸ɺ৴
߸׬શੑٴͼిݯ׬શੑͷୡ੒ͷͨΊʹڧ͍धཁ͕͋Δɻ3࣍ݩੵ૚γε
ςϜͷҰํͷμΠʹ஫ೖ͞Εͨਖ਼ݭ೾ɺଞํͷμΠʹͯ఻೻ɾݮਰ͞Ε
ͨਖ਼ݭ೾͕औಘ͞Ε͓ͯΓɺ͜ΕΒΛ࠶ݱ͢ΔղੳϞσϧͷ࡞੒ΛؚΊ
ͨղੳख๏ͷཱ͕֬ࠓޙͷ՝୊ͱ͍͑Δɻ
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4.1 ॹݴ
ۙ೥ͷେن໛ԽɾෳࡶԽͨ͠γεςϜΛ 1ͭͷύοέʔδʹ಺แ͢Δ
ͱ͍͏໨తΛߴ͍ਫ४Ͱຬͨͨ͢Ί LSIͷ 3࣍ݩੵ૚ٕज़͕ٸ଎ʹൃల
͖ͯͨ͠ [58][59]ɻΠϯλϙʔβ্ʹϚΠΫϩόϯϓΛ༻͍ͯμΠΛ഑ஔ
͢Δ͜ͱʹΑΔνοϓؒͷدੜ੒෼ͷܰݮ [60]ɺ͞Βʹ͸TSVΛ༻͍ͨ
ಉछຢ͸ҟछͷμΠͷੵ૚ʹΑΔඈ༂తͳੑೳ޲্ɺଟػೳԽ [61]ɺେن
໛Խ [62]͕ظ଴͞Ε͍ͯΔɻσδλϧճ࿏͚ͩͰͳ͘Ξφϩάճ࿏Λؚ
ΉϛοΫετγάφϧ LSIʹͱͬͯ΋ 3࣍ݩ࣮૷͸ଟ͘ͷར఺Λ΋ͨΒ
͢ɻΞφϩά/RFϑϩϯτΤϯυͱDSP(Digital Signal Processing;σδ
λϧ৴߸ॲཧ)ɺϓϩηοαΛͦΕͧΕಠཱͨ͠૚ɺ͞Βʹ͸ҟͳΔϓϩ
ηεͰ࡞੒ՄೳͰ͋ΓɺͦΕͧΕͷճ࿏ʹ࠷΋దͨ͠ςΫϊϩδΛબ୒ɺ
1ͭͷੵ૚γεςϜ΁ͱҟछ౷߹ΛՄೳʹ͢Δɻ͜ΕΒ͸ճ࿏͝ͱʹݻ༗
ͷPDN(Power Derivery Network)Λ࣋ͪɺੵ૚γεςϜ಺Ͱಠཱͨ͠γ
Ϧίϯج൘ʹ࣮૷͞ΕΔ͜ͱ͕ߟ͑ΒΕΔɻ͜ͷ͜ͱʹΑΓɺγϦίϯ
ج൘ٴͼPDNΛෳ਺࣋ͭγεςϜʹର͠ɺج൘ϊΠζ݁߹Λߟྀ͢Δ͢
Δඞཁੑ͕͋Δ [63]ɻ
ੵ૚ٕज़ʹΑΔଟ͘ͷϝϦοτ͕ظ଴͞ΕΔҰํͰɺઃܭ੍໿ͷෳࡶ
Խͱ͍ͬͨ՝୊΋ߟ͑ΒΕΔɻಛʹΞφϩάճ࿏ΛؚΉ 3࣍ݩ࣮૷γε
ςϜ LSIΛߟྀ͢Δ৔߹ɺϊΠζྔͷେ͖͍ճ࿏ͱϊΠζʹහײͳճ࿏
ͷ഑ஔؔ܎͕ॏཁʹͳͬͯ͘Δͱߟ͑ΒΕΔɻෳ਺ͷج൘Λ༻͍Δ 3࣍
ݩ࣮૷ճ࿏Ͱ͸ɺ૚Λ෼ׂ͢Δ͜ͱʹΑΔج൘ϊΠζͷःஅ͕Մೳͱߟ
͑ΒΕΔͨΊɺઃܭ࣌ʹߟྀ͢΂͖Ͱ͋Δɻ
ຊষͰ͸ 3࣍ݩੵ૚͞Εͨ LSIʹ͓͚Δج൘ϊΠζ݁߹ʹ͍ͭͯٞ࿦
͢Δɻ3࣍ݩ࣮૷γεςϜ LSIʹ͓͍ͯ഑ஔؔ܎Λߟྀ͢Δࡍʹʹ͓͍
ͯɺ݁߹ܦ࿏ͱͦͷܦ࿏ʹ͓͚Δओཁ੒෼Λಛఆ͢Δ͜ͱ͕ඞਢͰ͋Δ
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ͱ͍͑Δɻ
ຊষͰ͸͜ΕΒͷ໰୊ʹऔΓ૊ΉͨΊղੳʹՃ͑ͯ಺෦ͷ೾ܗΛ࣮ࡍ
ʹऔಘ͠ݕূ͢Δɻ3࣍ݩੵ૚؀ڥԼʹ͓͍ͯ͸ੵ૚ʹΑΓӅΕͨྖҬͷ
಺෦೾ܗΛ௚઀ݟΔ͜ͱ͸ࠔ೉ͱͳΔͨΊɺΦϯνοϓϞχλճ࿏ [42]Λ
֤૚ʹ࣮૷ɺର৅ϊʔυΛϓϩʔϒ͢Δ͜ͱͰ಺෦೾ܗऔಘΛՄೳʹ͠
͍ͯΔɻ·ͨɺ࣮૷͞ΕΔΦϯνοϓϞχλճ࿏ͷߏ੒͸ୈ 3ষͰఏҊ
͞Εͨࡾ࣍ݩ࣮૷؀ڥʹ࠷దԽ͞Εͨߏ੒Λ༻͍Δɻຊ࿦จͰ͸ɺTSV
ʹΑΓਨ௚ํ޲ʹੵ૚͞Εͨࢼ࡞νοϓͷ࣮ଌ೾ܗΛࣔ͠ɺࢼ࡞νοϓ
ͷϞσϧΛ࡞੒ɺղੳ݁ՌΑΓ͜ΕΒͷ੍໿Λٞ࿦͢Δɻ
ୈ 2અͰࢼ࡞ͨ͠ 3࣍ݩ࣮૷ςετϏʔΫϧͷߏ଄ɺ౥ࡌճ࿏ʹ͍ͭ
ͯड़΂Δɻୈ 3અͰςετϏʔΫϧͷ࣮ଌ೾ܗΑΓϊΠζ఻೻ڧ౓Λٞ
࿦͢Δɻୈ 4અͰղੳͷҝʹ࡞੒ͨ͠ϞσϧͱɺϞσϧ͔ΒಘΒΕͨղ
ੳ݁Ռʹ͍ͭͯड़΂Δɻୈ 5અͰղੳ݁ՌΛܾఆ͢ΔओཁͳཁૉΛ֤݁
߹ܦ࿏ʹରͯ͠ٻΊΔɻୈ 6અͰ݁࿦Λड़΂Δɻ
4.2 3࣍ݩੵ૚ʹ͓͚Δج൘ϊΠζ݁߹
4.2.1 ֓࿦
୯Ұج൘Ͱͷج൘ϊΠζ͸ Fig. 4.1ͷΑ͏ʹσδλϧճ࿏ϒϩοΫΑ
Γνοϓͷج൘Λ௨ͯ͠ଞͷճ࿏ϒϩοΫʹ৵ೖ͢Δɻσδλϧճ࿏ͷ
ಈతిྗফඅ͕ࣗ਎ͷ PDNΛܦ༝͠ɺPDNͷΠϯϐʔμϯεʹԠͨ͡
ిѹޮՌΛҾ͖ى͜͢ɻଟ͘ͷ৔߹ CMOSςΫϊϩδͰ͸ p+ج൘͕࠾
༻͞Εɺάϥ΢ϯυ഑ઢʹΑΓόΠΞε͞Ε͍ͯΔ͕ɺͦͷͨΊʹάϥ
΢ϯυ഑ઢ্ͷACిѹมԽ͸ج൘ʹ఻ୡ͠ɺج൘ϊΠζͱͳΔɻ༷ʑͳ
ճ࿏͕Ұͭͷج൘Λڞ༗͍ͯ͠ΔͨΊɺج൘ిҐมಈ͸ճ࿏ಉ࢜ͷ૬ޓ
ׯবΛى͜͢ɻ͜Ε͕ج൘ϊΠζͷൃੜٴͼ఻ୡϓϩηεͰ͋Δɻ
3࣍ݩ࣮૷ʹ͓͚ΔγϦίϯج൘͸୯ҰͷిҐʹόΠΞε͞Ε͓ͯΓɺ
ͦΕ͕৴߸ͷڞ௨ϦϑΝϨϯεͱͳ͍ͬͯΔͨΊɺ3࣍ݩ࣮૷ʹ͓͍ͯ΋
ϊΠζ఻ୡ͸ൃੜ͢Δɻͨͩ͠ɺ֤ճ࿏ϒϩοΫͷϊΠζ݁߹ڧ౓͸ͦ
ΕͧΕͷճ࿏ಉ࢜Λͭͳ͙௚ྻΠϯϐʔμϯε੒෼ʹӨڹ͞Εɺͦͷ஋
ʹԠͯ͡ݮਰ͞ΕΔɻΑͬͯج൘͕෼཭͞Εͨ 3࣍ݩ࣮૷ LSIʹ͓͍ͯ
͸ɺ֤ճ࿏ݸผͷPDNΛ࣋ͭ͜ͱ͕ج൘ϊΠζ݁߹ͷӨڹΛେ͖͘ݮΒ
͢͜ͱ͕ߟ͑ΒΕΔɻ·ͨɺͦΕʹΑΓෳࡶͳϊΠζ݁߹Λഉআ͢Δ͜
ͱͰج൘ϊΠζΛΑΓ༧ଌՄೳʹͰ͖Δɻ
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Ҏ߱ͷઅͰ͸TSVʹΑΓ 2૚ੵ૚͞Εͨࢼ࡞νοϓ֓ཁɺࢼ࡞νοϓ
Λ༻͍ͨج൘ϊΠζ݁߹ͷධՁγεςϜɺධՁ݁Ռʹ͍ͭͯड़΂Δɻ·
ͨɺج൘ϊΠζ఻೻Λղੳ͢ΔͨΊͷϞσϧΛ࡞੒͠ɺઃܭઓུʹ͍ͭ
ͯٞ࿦͢Δɻ
4.2.2 3࣍ݩ࣮૷ςετνοϓ
Fig. 4.2ʹ 3Dࢼ࡞νοϓͷߏ଄Λࣔ͢ɻ্૚ɾԼ૚ڞʹ 2ͭͷϊΠζ
ݯͱϞχλճ࿏ͷ૊Έ߹Θͤʹͳ͓ͬͯΓɺTSV͸ബԽ͞Ε্ͨ૚ʹܗ
੒͞ΕɺϘϯσΟϯάϫΠϠ΋্૚ʹͷΈ઀ଓ͞Ε͍ͯΔɻ
্૚ٴͼԼ૚ͷϨΠΞ΢τΛFig. 4.3ʹࣔ͢ɻϨΠΞ΢τʹਤࣔ͞Εͨ
Ґஔʹ্ͯ૚ͷTSVͱԼ૚ͷϚΠΫϩόϯϓ (μ-bump)͸઀ଓ͞Εɺͦ
ΕΒͷߏ଄͸ػցతετϨεޮՌΛආ͚ΔͨΊʹճ࿏͔Βे෼཭ΕͨҐ
ஔʹܗ੒͞Ε͍ͯΔɻ
ࢼ࡞νοϓ͸ϏΞϛυϧϓϩηεʹΑΓελοΫ͞Εɺૉࢠܗ੒ͷFEOL
(Front End Of the Line)޻ఔͷޙʹTSV͕ܗ੒͞Εɺͦͷ্͔Βϝλϧ
ܗ੒ͷBEOL(Back End Of the Line)޻ఔΛߦ͏ [64]ɻࢼ࡞νοϓ͸ 130
nm FEOL CMOSςΫϊϩδ (Cu/SiO2 BEOL) Λ༻͍ɺ200 mm ΢Σϋ
্ʹߏ੒͞Ε͍ͯΔɻTSV͸௚ܘ 5 μmɺਂ͞ 25 μmͰ͋ΓɺTSVΤο
νϯάޙʹઈԑ૚Λܗ੒͠௨ৗͷBEOLϓϩηεΛߦ͏ɻTSVͷԼ෦Λ
࿐ग़ͤ͞Լ૚ͱͭͳ͙ͨΊʹɺTSV࣮૷͞Ε্ͨ૚͸ 23 μm·ͰബԽ͞
ΕΔɻബԽ͞Εͨ΢Σϋ͸CuSnμ-bumpΛܗ੒ޙμΠγϯά͞Εɺಉ͡
͘μΠγϯά͞Εͨ௨ৗް͞ͷԼ૚νοϓʹ࿐ग़ͤͨ͞TSVଆ (μ-bump
ଆ)Λ͋ΘͤΔܗͰ die-to-dieϘϯσΟϯά͞ΕΔɻFig. 4.2ͷࢼ࡞νο
ϓ͸ੵ૚ߏ଄தͷPDNධՁϒϩοΫͱΦϯνοϓϞχλγεςϜΛ౥ࡌ
͍ͯ͠Δ [53]ɻ
νοϓ͸Fig. 4.4ͷΑ͏ʹFR-4ධՁج൘ʹCoB(Chip on Board)࣮૷
͞Ε͍ͯΔɻ͢΂ͯͷిݯٴͼ৴߸ϙʔτ͸্૚νοϓΑΓϫΠϠϘϯυ
ͰϘʔυʹ઀ଓ͞Ε͓ͯΓɺԼ૚νοϓ΁ͷిݯٴͼ৴߸͸͢΂ͯTSV
ܦ༝Ͱ͋ΔɻFig. 4.5ʹ্૚ͱԼ૚Λ઀ଓ͢ΔTSVٴͼμ-bumpͷஅ໘ਤ
Λࣔ͢ɻ·ͨɺϘʔυͱԼ૚νοϓ͸ඇಋిੑ઀ணࡎ (No-flow Underfill,
NUF)ʹΑΓݻఆ͞Ε͍ͯΔɻ
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FEOL
Transistor
BEOL
Metal
stack
Zoff Zoff Zoff Zoff
Top tier
Bottom tier
TSVs
Zoff Zoff Zoff Zoff
(a)
(b)
Figure 4.1: Substrate noise coupling in silicon chips of (a) 2D structure
and (b) 3D structure.
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Bottom Tier
NS3
NS4
PFE
DPU
PFE
Top Tier
NS1
TSVs
NS2
PFE
DPU
PFE
μ-bumps
μ-bumps
Reset Top
Reset Bottom
Dout TopDout Bottom
Common Inputs
VSNS2
VDNS2
VSNS1
VDNS1
Common Inputs
VSNS3
VDNS3
VSNS4
VDNS4
VDPFEVSPFE
Figure 4.2: Structural view of 3D PDN test vehicle.
4.2.2.1 ੵ૚ΦϯνοϓϞχλγεςϜ
Fig. 4.6ʹ 3࣍ݩ࣮૷ࢼ࡞νοϓʹ౥ࡌ͞Εͨੵ૚ΦϯνοϓϞχλγ
εςϜͷߏ੒Λࣔ͢ɻPFEٴͼ DPUͷߏ଄͸લষʹͯड़΂ΒΕͨ΋ͷ
ͱಉ༷Ͱ͋ΔɻຊষͰ͸৑௕ߏ੒ͷ Fig. 4.6(b)ͷߏ੒Λ࠾༻͍ͯ͠Δɻ
ͦͷͨΊɺຊষͰ͸͋Δఔ౓ͷ໘ੵɾೖग़ྗϙʔτ਺Φʔόʔϔου
ͱҾ͖׵͑ʹσʔλϑϩʔΛ૚͝ͱʹಠཱͤ͞ɺTSV΋ 1ͭͷ৴߸ઢʹ
ର͠ 2ຊ༻͍͍ͯΔɻ
4.2.2.2 ϊΠζݯճ࿏
ϊΠζݯճ࿏ (NS)ͷϒϩοΫਤΛFig. 4.7ʹࣔ͢ɻຊϊΠζݯճ࿏͸
Ұྻ 32Ϗοτ LSR(Loop Shift Registers)͔ΒͳΓɺܭ 16ྻͷ LSRΑΓ
ߏ੒͞ΕΔɻಈ࡞த͸ LSRͷ࠷ऴஈϨδελͷग़ྗ͕࠷ॳஈͷϨδελ
ʹ઀ଓ͞Εɺ಺෦ΛྲྀΕΔϏοτύλʔϯʹԠ֤ͯ͡Ϩδελ͕ిྗΛ
ফඅ͠ɺిݯٴͼάϥ΢ϯυϊΠζΛੜ੒͢Δɻ֤ LSRதΛྲྀΕΔϏο
τύλʔϯٴͼ LSRͷಈ࡞ن໛͸ࣗ༝ʹઃఆՄೳͰ͋Δɻ
্૚νοϓʹ͸ Fig. 4.2ͷΑ͏ʹ 2ͭͷಠཱͨ͠ిݯܥΛ࣋ͭ NS͕
഑ஔ͞Ε͓ͯΓɺԼ૚ʹ΋ಉ༷ʹಠཱͨ͠ిݯܥͷNSΛ 2ͭ഑ஔ͍ͯ͠
ΔɻΫϩοΫ৴߸ٴͼઃఆ༻৴߸ (Common inputs)͸શNSͰڞ௨Խ͞
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NS1
PFE
NS2
DPU
PFE
TSV
for VDNS4
TSVs for PFE
NS3 PFE NS4
DPU
PFE
μ-bumps for PFE
Top tier
Bottom tier
1550 μm
1070 μm
1550 μm
975 μm
TSV
for VSNS4
TSV
for VDNS3
TSV
for VSNS3
μ-bump
for VDNS4
μ-bump
for VSNS4
μ-bump
for VDNS3
μ-bump
for VSNS3
(a)
(b)
Figure 4.3: Physical layout view of (a) top tier and (b) bottom tier.
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Figure 4.4: Die photo of two-tier 3D PDN test vehicle assembled on
evaluation board.
NUF
TSV
Cu μ bump
Cu μ bump
IMC
Top BEOL
Top FEOL
Bottom BEOL
Bottom FEOL
NUF
Figure 4.5: Cross-sectional view and diagram of vertical interconnect.
68 ୈ 4ষ ࡾ࣍ݩੵ૚ LSIʹ͓͚Δج൘ϊΠζͷ૚ؒධՁͱղੳ
PFE
PFE
PFE
PFE
PFE
PFE Din
Dout 
Faulty tier
PFE
PFE
DPU
   	 

PFE
Tsmp
Vref
Dout
Vsfo
* Target signal
PFE
PFE
DPU
PFE
PFE
DPU
PFE
PFE
DPU
Reset #1
Reset #2
Dout #1
Dout #2
Dout #4
Common Din, Vdd, Vss
With multi-line, multi-via
PFE
PFE
DPU
Reset #4
Reset #3
Dout #3
Tier #1Tier #2Tier #3Tier #4
(a)
(b)
Vin*
Figure 4.6: Vertically integrated waveform capturer array of PFEs. (a)
Cascading PFEs in series (conventional), and (b) locating PFE subset in
each tier (proposed).
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Ε͓ͯΓɺ֤ NSͷಈ࡞/ఀࢭ͸ిݯిѹΛ 1.2 Vʹ͢Δ͔ 0.0 Vʹ͢Δ
͔Ͱܾఆ͞ΕΔɻ
32 bitsLoop Shift Register(LSR)
Operation clock mode
Selection clock
16 LSRs
Selection 
data &
clock
Figure 4.7: Noise source circuits (NS).
4.2.3 ධՁηοτΞοϓ
NSٴͼੵ૚ΦϯνοϓϞχλΛؚΊͨ೾ܗऔಘηοτΞοϓΛFig. 4.8
ʹࣔ͢ɻຊࢼ࡞νοϓʹ͸ΦϯνοϓͷిѹٴͼλΠϛϯάੜ੒ճ࿏Λ
౥ࡌ͍ͯ͠ͳ͍ͨΊɺ೾ܗऔಘʹඞཁͳ Vref ٴͼ Tsmp͸νοϓ֎෦ΑΓ
ڙڅ͢Δɻ2νϟωϧग़ྗΛ࣋ͭΫϩοΫݯ (Pulse Pattern Generator)͔
ΒɺNSಈ࡞༻ͷΫϩοΫٴͼ஗Ԇ͖ͭͷ PFEಈ࡞༻ͷΫϩοΫ (Tsmp)
Λڙڅ͓ͯ͠Γɺ೾ܗऔಘͷλΠϛϯάΛܾఆ͍ͯ͠ΔɻVref͸ 16-bitͷ
DACΑΓڙڅ͞ΕɺDAC͸ FPGA಺ʹγʔέϯεճ࿏Ͱ࣮૷͞ΕͨΞ
ϧΰϦζϜʹै੍͍ޚ͞ΕɺVisʹ΋ͬͱ΋͍ۙ Vref ͕୳ࡧ͞ΕΔɻ
PFEͷνϟωϧબ୒ɺNSͷಈ࡞ن໛ٴͼϏοτύλʔϯॻ͖ࠐΈ͸
FPGAͷόΠφϦ/৴߸ม׵ճ࿏ΑΓߦΘΕΔɻ͜ΕΒDACૢ࡞Ξϧΰ
ϦζϜΛআ͘Ұ࿈ͷ೾ܗऔಘϓϩηε͸શͯPCΑΓ੍ޚ͞Ε͓ͯΓɺલ
ड़ͷόΠφϦ/৴߸ม׵ճ࿏ͷೖྗϑΝΠϧ΋PC্ͷଌఆ৚݅Λݩʹ࡞
੒͞Εɺॻ͖ࠐ·ΕΔɻ
70 ୈ 4ষ ࡾ࣍ݩੵ૚ LSIʹ͓͚Δج൘ϊΠζͷ૚ؒධՁͱղੳ
ߏஙͨ͠ଌఆܥͷࣸਅΛ Fig. 4.9ʹࣔ͢ɻCoB࣮૷͞Εͨςετνο
ϓ͸ FPGAͱDACʹ઀ଓ͞ΕɺFPGAͱςετνοϓͰ΍ΓऔΓ͞Ε
Δ৴߸͸൓స૿෯ճ࿏Λݩʹ࡞ΒΕͨόοϑΝΛ௨͓ͯ͠Γɺ৴߸Ϩϕ
ϧͷม׵ٴͼϊΠζ఻ୡͷ્ࢭΛॿ͚͍ͯΔɻ
1
PC
DAC
FPGA
(Spartan 3AN)
controller
Data timing 
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(81130A)
PFEs DPUNSTop Tier
Bottom Tier
probe
PFEs DPUNS
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Tsmp Vref
DPU
Output
GPIB I/F
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Figure 4.8: Block diagram of evaluation system of 3D PDN test vehicle.
4.3 ࣮ଌධՁ
4.3.1 ϊΠζൃੜٴͼ఻೻ධՁ
Fclkʹର͢ΔNS୯ମͷফඅిྲྀྔΛ Fig. 4.10ʹࣔ͢ɻಈ࡞ LSR਺͸
ͦΕͧΕ 0ɺ8ɺ16ྻͱͳ͓ͬͯΓɺԼ૚NSͷిྲྀྔ͕Fig. 4.10(a)ɺ্
૚͕Fig. 4.10(b)ʹͦΕͧΕϓϩοτ͞Ε͍ͯΔɻ͔͜͜Βɺ֤NSͷಈ
࡞͸ɺ্૚ٴͼԼ૚Ͱಉ༷Ͱ͋ΓɺTSVܗ੒ͱബԽͷճ࿏ಈ࡞΁ͷӨڹ
͸খ͍͞ͱߟ͑ΒΕΔɻ
NS4ɺNS3ɺNS2͕ಈ࡞͍ͯ͠Δͱ͖ʹNS4ۙ๣ͷج൘ిҐΛPFEΛ
༻͍ଌఆͨ͠೾ܗΛͦΕͧΕ Fig. 4.11ɺFig. 4.12ɺFig. 4.13ʹࣔ͢ɻ͜
ͷͱ͖ɺFig. 4.11͸NSࣗ਎͕ൃ͍ͯ͠Δج൘ϊΠζɺFig. 4.12͸ಉ͡
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PCFPGABuffersDUT
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Figure 4.9: Evaluation system photo.
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૚Λ఻ΘΔ૚಺఻೻ϊΠζɺFig. 4.13͸্૚Ͱൃੜͨ͠ϊΠζ͕Լ૚ʹ
఻ΘΔ૚ؒ఻೻ϊΠζͰ͋Δͱ͍͑Δɻ
ͦΕͧΕͷ೾ܗ͸ಈ࡞प೾਺ Fclk = {10, 100, and 500 MHz}ɺ Vref ࠷
খ෼ղೳ͸ 24 μVɺTsmp࠷খ෼ղೳ͸ {10 ns, 1 ns, and 200 ps}Ͱऔಘ
͞Ε͍ͯΔɻج൘ిҐ Vsub͸Fig. 4.11Ͱେ͖͘γϑτ͓ͯ͠Γɺ͜Ε͸
ճ࿏ͱߴ͍ಈ࡞प೾਺ʹΑΔେిྲྀͱ NS4ࣗ਎ͷ PDNͷدੜ఍߅Ͱి
ѹมಈ͕ൃੜ͍ͯ͠ΔͨΊͱߟ͑ΒΕΔɻ͜Εͱରরతʹɺ఻೻ͨ͠ϊ
Πζ೾ܗͰ͸DCϨϕϧ͕θϩʹͳ͓ͬͯΓɺ͜Ε͸NS4͕ඇΞΫςΟ
ϒͰ͋ΓɺNS3͕ΞΫςΟϒͷέʔεͰ͸DCϨϕϧ͕PFEͷάϥ΢ϯ
υʹΑΓԼ͛ΒΕɺNS2͕ΞΫςΟϒͷέʔεͰ͸ϊΠζ͕DCతʹ݁
߹͢ΔͨΊͷܦ࿏͕ແ͍ͨΊͰ͋Δͱ͍͑Δɻ·ͨɺप೾਺ʹΑΔ݁߹
ڧ౓ͷ͕ࠩ Fig. 4.12ͱ Fig. 4.13ʹදΕ͍ͯΔɻ
Ҏ߱ͷηΫγϣϯͰج൘ϊΠζ݁߹ͷৄࡉͳ෼ੳΛߦ͏ɻ
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Figure 4.10: Average power consumption current vs Fclk.
4.3.2 ج൘఍߅ධՁ
ಉ૚ٴͼҟ૚ͷ֤NSϒϩοΫɺٴͼೋ૚ڞ௨Խ͞ΕͨPDNΛ࣋ͭPFE
ͷάϥ΢ϯυؒͷDC఍߅Λଌఆͨ͠ɻNSɺPFEͷ֤άϥ΢ϯυϊʔυ
V SNSx { x=1, 2, 3, 4 }ɺV SPFE͔Β 2఺Λબ୒͠ɺҰํʹ 100 mV Λҹ
Ճͨ͠ࡍͷిྲྀྔΛଌఆͨ͠ɻ͜ΕΒͷϊʔυ͸ Fig. 4.2ʹͯఆٛ͞Ε
͍ͯΔɻଌఆ஋ΛTable.4.1ʹࣔ͢ɻ͜ͷͱ͖ɺγϦίϯج൘఍߅ͱൺֱ
͠Φϑνοϓ఍߅͸े෼ʹখ͍ͨ͞Ίɺߟྀ͠ͳ͍΋ͷͱ͢Δɻ
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Figure 4.11: AC substrate noise waveforms measured at NS4 during NS4
operation.
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Figure 4.12: AC substrate noise waveforms measured at NS4 during NS3
operation.
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Figure 4.13: AC substrate noise waveforms measured at NS4 during NS2
operation.
ଌఆ͞Εͨ఍߅஋ͷଥ౰ੑ֬ೝͷͨΊʹɺج൘ϝογϡϞσϧ [65][66]
Λ֤૚ຖʹ࡞੒͠ɺ֤ϊʔυؒ఍߅ͷղੳ஋Λಋग़ͨ͠ɻجຊతʹγϦ
ίϯج൘͸ਨ௚ํ޲ʹಛఆͷෆ७෺ೱ౓෼෍Λอͪɺਫฏํ޲ʹۉҰͰ
͋ΔͨΊɺ 25 μm ബԽ͞Ε্ͨ૚͸ 1૚ͷϝογϡɺ 700 μmͷԼ૚͸
ͦΕͧΕҟͳΔ఍߅཰ͷ 3૚ͷϝογϡ͔ΒͳΓɺ3૚ͷϝογϡ͸ਨ௚
ํ޲ͷ఍߅ʹΑΓ઀ଓ͞Ε͍ͯΔɻ͜ΕΒͷղੳϞσϧΛ༻͍ɺ2఺ؒͷ
ج൘఍߅Λճ࿏γϛϡϨʔγϣϯʹΑΓݟੵ΋ͬͨɻ
Table 4.1ʹج൘఍߅ͷ࣮ଌ஋ٴͼղੳ஋Λࣔ͢ɻղੳ஋ͱ࣮ଌ஋ͷ܏
޲͸Ұக͓ͯ͠Γɺ࣮ଌ஋͕ଥ౰Ͱ͋Δ͜ͱΛ͍ࣔͯ͠Δɻղੳ஋ͱ࣮
ଌ஋ͷࠩҟʹ͍ͭͯ͸ɺਖ਼֬ͳυʔϐϯάϓϩϑΝΠϧ͕ແ͍͜ͱɺղ
ੳϞσϧͷϝογϡͷૈ͞ʹؔ܎͍ͯ͠Δͱߟ͑ΒΕΔɻ֤఍߅஋͸্
૚μΠʹ͓͚ΔബԽʹΑΔج൘఍߅ͷ૿ՃΛ൓ө͍͓ͯ͠Γɺ্૚μΠ
ʹ͓͚Δ఍߅஋͸Լ૚μΠͷ΄΅ 2ഒͱͳ͍ͬͯΔɻ·ͨɺϨΠΞ΢τ
্ͷਫฏํ޲ͷҐஔؔ܎Λ൓ө͍ͯ͠ΔͨΊɺDPU͕NS2(NS4)ଆʹ഑
ஔ͞ΕΔ͜ͱʹΑΔPFEͱNS2(NS4)ؒͷ఍߅஋͕PFEͱNS1(NS2)ؒ
ͷ఍߅஋ͱൺֱͯ͠௿͘ͳ͍ͬͯΔɻຊষͰ͸࣮ଌ஋ΛϞσϧʹ૊Έࠐ
ΈҎ߱ͷઅͰղੳΛߦ͏ɻ
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Table 4.1: Resistance from measurement or simulation.
Measured Simulated
PFEs-NS1 (Ω) 1000 609
PFEs-NS2 (Ω) 467 592
PFEs-NS3 (Ω) 565 335
PFEs-NS4 (Ω) 333 275
NS1-NS2 (Ω) 1391 1182
NS3-NS4 (Ω) 751 590
Resistance ratio
(Rsub bottom/Rsub top) 0.53 0.49
Rsub top/ (provided by foundary) 4000
Rs bottom/ 2400
4.4 ࡶԻ఻೻ղੳ
4.4.1 ղੳϞσϧ࡞੒
4.4.1.1 ճ࿏γϛϡϨʔγϣϯϞσϧ
ຊઅͰ͸डಈૉࢠʹΑΓߏ੒͞ΕͨςετνοϓPDNͷ౳Ձճ࿏Ϟσ
ϧʹ͍ͭͯड़΂Δɻ
Fig. 4.14͸ PDNΠϯϐʔμϯεղੳٴͼج൘݁߹Λ࠶ݱ͢ΔͨΊͷ
ࡾ࣍ݩ࣮૷ςετνοϓPDNΛ 1ͭͷ౳Ձճ࿏Ͱࣔͨ͠΋ͷΛද͢ɻ౳
Ձճ࿏͸શͯडಈૉࢠͷΈͰߏ੒͞Ε͍ͯΔɻϊΠζ఻೻ղੳͷͨΊʹɺ
೚ҙͷ 2ͭͷNSʹଐ͢Δج൘Λ 2ͭͷϙʔτͱͯ͠఻ૹઢ࿏ʹݟཱͯΠ
ϯϐʔμϯεΛಋग़͢Δɺຢ͸NSϒϩοΫͷిݯGNDؒʹిྲྀফඅϞ
σϧΛ઀ଓ͠ೳಈతͳϊΠζͷੜ੒ɾ఻೻ͷ༷ࢠΛ࠶ݱ͢Δ͜ͱ͕Մೳ
Ͱ͋Δɻಠཱͨ͠NS1͔ΒNS4ɺٴͼ্૚Լ૚ڞ௨Խ͞ΕͨPFEͷ߹ܭ
5ͭͷ PDNΛ࣋ͭɻ
֤ PDN͸ిݯ (V DNS)͔Βάϥ΢ϯυ (V SNS)·Ͱͷܦ࿏Λ͓࣋ͬͯ
ΓɺͦΕΒ͸ओʹ Fig. 4.4ʹࣔ͞ΕΔPCB্ͷ഑ઢύλʔϯͱϘϯσΟ
ϯάϫΠϠ͔Β੒Δɻ֤ܦ࿏͸௚ྻ઀ଓ͞ΕͨدੜΠϯμΫλϯε (L)ɾ
఍߅ (R)ٴͼฒྻ઀ଓ͞Εͨ༰ྔ (C)͔ΒͳΔूதఆ਺ճ࿏Ͱࣔ͞ΕΔɻ
NSϒϩοΫ͸ີʹ഑ஔ͞Εͨ CMOSٴͼ௿఍߅ͷిݯɾάϥ΢ϯυ഑
ઢʹΑΓߏ੒͞ΕΔͨΊਫฏํ޲ͷ֦͕ΓͷӨڹ͕খ͘͞ɺFig. 4.14ʹ
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ࣔ͞ΕΔΑ͏ʹ୯Ұͷدੜ༰ྔʹͯදݱ͞ΕΔɻ
Fig. 4.14ʹࣔ͞ΕΔΑ͏ʹɺిྲྀফඅϞσϧΛ༻͍NSΛಈ࡞ͤ͞Δ
৔߹ɺؔ࿈͢Δ V DNSɺV SNSϊʔυ͸ిݯιʔεʹ઀ଓ͞ΕɺଞͷNS
͸୯७ʹిݯιʔε෦ͷ઀ଓΛΦʔϓϯʹ͢Δ͜ͱͰແޮԽ͞ΕΔɻ
NS෦෼Ͱ͸ج൘ϊʔυ͸p+֦ࢄΛ௨ͯ͠V SNSʹ઀ଓ͞ΕΔɻϝλϧ
഑ઢͷدੜ఍߅͸ج൘఍߅ͱൺֱ͠ང͔ʹখ͍ͨ͞ΊɺNSྖҬͰͷج൘
ిҐ͸౳ిҐͰ͋Γάϥ΢ϯυ഑ઢͷిҐ V SNSͱ౳͍͠ͱߟ͑ΒΕΔɻ
PFEΞϨΠͷPDNͰ͋Δ V DPFEɺV SPFE΋ಉ༷ʹిݯιʔεʹ઀ଓ
͞Ε͓ͯΓ LCRૉࢠ͔Βߏ੒͞ΕΔɻV DPFEٴͼ V SPFE͸্૚Լ૚ͷ
PFEΞϨΠͰڞ༗͞Ε͍ͯΔͨΊɺV SPFE͕֤૚ͷج४ిҐͱͳ͍ͬͯ
Δɻ·ͨɺPFEͷ PDN͸Ϧμϯμϯτߏ੒ͱͳ͍ͬͯΔͨΊɺTSV͸
V DPFEɺάϥ΢ϯυ༻ V SPFEɺΨʔυϦϯά༻ V DPFEʹ 2ׂͭͣͭΓ
ৼΒΕ͍ͯΔɻ
TSV୯ମͷిؾతಛੑ͸͜Ε·Ͱ౳Ձճ࿏ωοτϫʔΫಋग़ख๏ʹ͓
͍ͯٞ࿦͞Ε͖͓ͯͯΓ [67][68]ɺͦͷଟ͘͸TSVΛ௨ͨ͠৴߸఻ૹઢ࿏
ʹ͍ͭͯͷ΋ͷͰ͋ΔɻͦͷͨΊɺTSVؒͷ૬ޓׯব΋ಉ༷ʹߟྀ͞Εͯ
͍Δ [11]ɻରͯ͠ɺຊ࿦จͰ͸TSVͱج൘ؒͷ݁߹Λॏࢹ͍ͯ͠ΔɻFig.
4.14ʹࣔ͢Α͏ʹɺTSVٴͼ μ-bumpͷ౳Ձճ࿏Ϟσϧ͕ूதఆ਺Ϟσ
ϧͱͯ͠ఆٛ͞ΕશମͷϞσϧʹ૊Έࠐ·Ε͓ͯΓɺ༰ྔΛॳΊͱ͢Δ
ύϥϝλ͸ಉϓϩηεͷTSVΛධՁͨ͠࿦จΑΓҾ༻͍ͯ͠Δ [69][70]ɻ
͜ͷ౳Ձճ࿏Ϟσϧ͸ج൘఍߅ͱ઀ଓ͞ΕΔଆน༰ྔͱɺ্૚ٴͼԼ૚
ͷ഑ઢʹ௚ྻ઀ଓ͞ΕΔ௚ྻ఍߅ɾΠϯμΫλϯε੒෼ͱͯ͠TSVΛ༻
͍ͨࡾ࣍ݩ࣮૷ ICͷϞσϧʹ૊Έࠐ·Ε͍ͯΔɻ
ΦϯνοϓϞχλ͸ج൘ϊΠζΛPFEάϥ΢ϯυͱNSج൘ؒͷిѹ
มಈͱͯ͠औಘ͢Δɻ͜ͷిѹมಈ͸Fig. 4.14ͷ੺ԁͰࣔ͞ΕΔϊΠζ
ݯ͔ΒධՁର৅ʹͭͳ͕Δج൘఍߅ωοτϫʔΫΛ௨ͯ͠఻ΘΔɻج൘఍
߅ωοτϫʔΫ͸Table 4.1ͷ࣮ଌ஋Λݩʹಋग़͢Δ͜ͱͰ্૚Լ૚ͷ఍
߅཰ͷࠩҟ΋࠶ݱ͞Ε͍ͯΔɻຊઅͰͷղੳ͸ V DNSxٴͼ V SNSxΛΦʔ
ϓϯɺV DPFEٴͼ V SPFEΛిݯιʔεʹ઀ଓͨ͠ঢ়ଶͰߦ͍ɺ֤ϊʔυ
ؒΠϯϐʔμϯεಋग़աఔΛ௨ͯ͠ݻఆͰ͋Δɻ
ճ࿏γϛϡϨʔγϣϯϞσϧΛ༻͍֤ͨϊʔυؒ݁߹ڧ౓Λ Fig. 4.15
ʹࣔ͢ɻഁઢ෦෼͕ຊճ࿏γϛϡϨʔγϣϯϞσϧͷ݁ՌͰ͋Γɺ૚ؒ݁
߹ڧ౓ͷप೾਺ґଘੑɺ௿प೾Ҭʹ͓͚Δ૚಺݁߹ڧ౓ͷڧ͕͋͞ΒΘ
Ε͍ͯΔɻ·ͨɺ্૚ΑΓ΋ް͍Լ૚ͷج൘ʹΑΔڧ͍݁߹ڧ౓͕֬ೝ
Ͱ͖ɺPFEͱڞ௨άϥ΢ϯυΛ࣋ͭDPUʹ͍ۙҐஔʹ͋ΔNS2-NS4ͷ
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૚ؒ݁߹͸NS1-NS3ͷ૚ؒ݁߹ΑΓ΋ڧ͍ͳͲɺϞσϧ࡞੒࣌ʹߟྀ͠
ͨཁૉʹΑΔಛ௃͕ݱΕ͍ͯΔɻຊ݁Ռ͸ɺ࣍અʹͯఆٛ͢Δ୯७Խج
൘݁߹ϞσϧʹΑΔ݁Ռͱ΋ൺֱ͞ΕΔɻ
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Figure 4.14: Unified equivalent circuit expression of PDNs in 3D test
vehicle.
4.4.2 ୯७Խج൘݁߹ϞσϦϯά
ຊઅͰ͸ɺલઅʹͯࣔ͞Εͨ౳Ձճ࿏Λɺੵ૚ߏ଄ʹ͓͚Δج൘݁߹
ͷཧղͷͨΊʹ୯७Խͨ͠΋ͷΛࣔ͢ɻ
Fig. 4.16ӈਤ͸֤PDNؒͷج൘݁߹ʹয఺Λ౰ͯ Fig. 4.14Λ؆ུԽ
ͨ͠΋ͷͰ͋Γɺ֤ϊʔυ໊͸ Fig. 4.2ͷϨΠΞ΢τΛ؆ུԽͨ͠ਤͰ
͋Δ Fig. 4.16ͷࠨਤͷӳࣈͱରԠ͍ͯ͠Δɻ
Fig. 4.16ӈਤͷ֤ճ࿏ϒϩοΫʹͭͳ͕Δϊʔυ { A, B, C, D, E, F
} ͸ͦΕͧΕ { NS1ج൘ɺNS2ج൘ɺNS3ج൘ɺNS4ج൘ɺ্૚PFEج
൘ɺԼ૚PFEج൘ } Λද͠ɺճ࿏ϒϩοΫͷ֎ଆͷϊʔυ { G, H, I, J }
͸ͦΕͧΕ { V SNS4 TSVଆนɺV DNS4 TSVۙ๣ج൘ɺV SNS3 TSVۙ๣
ج൘ɺV DNS3 TSVۙ๣ج൘ } Λද͢ɻTSVۙ๣ͷج൘Λද͢ { G, H, I,
J } ͸TSVଆน༰ྔ (CTSV)Λ௨ͦ͠ΕͧΕͷ {V SNS4ɺV DNS4ɺV SNS3ɺ
V DNS3}ϊʔυʹ઀ଓ͞Ε͍ͯΔɻ
֤NSؒͷ఻೻ΛධՁ͢ΔͨΊʹ͞Βʹ੔ཧͨ͠౳Ձճ࿏ਤΛFig. 4.17(a)
ʹࣔ͢ɻຊઅͰ͸ಈ࡞தͷNS1͔ΒͷϊΠζ͔ΒNS3(ಈ࡞ఀࢭɾిݯͱ
ͷ઀ଓΦʔϓϯ)΁ͷ఻೻Λղੳ͢ΔͨΊʹɺNS1ج൘Λࣔ͢ϊʔυAٴ
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Figure 4.15: Simulated S-parameters.
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ͼNS3ج൘Λࣔ͢ϊʔυ Cʹϙʔτ͕ઃ͚ΒΕɺऴ୺఍߅Ͱ͋Δ Z0͕
֤ϙʔτʹ઀ଓ͞Ε͍ͯΔɻ͜͜ͰɺZ0ͷ஋͸ 50 Ωͱ͍ͯ͠Δɻ
TSV༰ྔ݁߹෦෼͸ Fig. 4.16(b)ͷΑ͏ʹఆٛ͞Ε͓ͯΓɺ2୺ࢠͷ
఍߅੒෼෇͖༰ྔͱΈͳͤΔɻ͜ͷࡍɺNSͷిݯάϥ΢ϯυؒͷدੜ༰
ྔCNS͸TSVͷଆน༰ྔCTSVͱൺֱͯ͠े෼ʹେ͖͍ͨΊɺಉఔ౓ͷ
༰ྔ͕ 2ͭ෇͍͍ͯΔͱΈͳͤΔ (CNS · CTSV ≈ CTSV, ifCNS  CTSV)ɻ
NS1ʹର͢Δ Iͱ JɺNS2ʹର͢ΔGͱHͷؔ܎͸ϨΠΞ΢τ্ࠨӈର
শͰ͋ΔͨΊʹɺࠨӈͷZTSV NS͸ಉҰ஋ͱΈͳͤΔɻ
·ͨɺPFE্૚Լ૚ͷV SPFEϊʔυΛ઀ଓ͢ΔZTSV PFE΋Fig 4.17(c)
ʹఆٛ͞Ε͍ͯΔɻZTSV PFE͸ଆน༰ྔ༝དྷͷ༰ྔ݁߹Λ࣋ͭ ZTSV NS
ͱҟͳΓɺTSVͷిۃ্Լ୺ʹΑΔ݁߹Ͱ͋ΔͨΊɺدੜ఍߅ٴͼΠϯ
μΫλϯεͷΈͰදͤΔɻ
TSVͷ౳Ձճ࿏͸ Fig. 4.14಺Ͱఆٛ͞Ε͓ͯΓɺૉࢠύϥϝʔλ͸
Fig. 4.17(b)ʹࣔ͞Ε͍ͯΔɻ͜ΕΒͷ஋͸TSVධՁʹΑΔ࣮ଌ஋Ͱ͋
Δɻج൘γʔτ఍߅Table 4.1ʹࣔ͞Ε͓ͯΓɺҎ߱ͷղੳʹ͓͍ͯ༻͍
ΒΕ͍ͯΔɻ
TSV connection
Zoff
BA
G,HI,J
E
F DC
PFEs
PFEs
Top tier
w/ TSV
Bottom tier
VSNS1 VSNS2 VSNS4VSNS3
A B
E
F
C D
VSPFE
NS1 NS2
NS3 NS4
VDNS3 VDNS4
GI HJ
Figure 4.16: Analytical model for substrate connections among PDNs in
3D test vehicle.
4.4.3 ओཁ݁߹੒෼ಋग़
؆ུԽͨ͠ճ࿏ਤ 4.17(a)ΛݩʹΔ-ελʔม׵Λ܁Γฦ͢͜ͱͰճ࿏
ཁૉ਺ͷ࡟ݮʹΑΔ୯७Խ͕ՄೳͰ͋ΔɻFig. 4.18͸ॳճɺ2ճ໨ɺ࠷
ޙͷɺΔ-ελʔม׵ͷաఔΛ͓ࣔͯ͠ΓɺZaɺZbɺ...ɺZj͸ཁૉ਺࡟ݮ
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Figure 4.17: Simplification of analytical model. (a) derived network from
stacked structure, (b) detailed structure of ZTSV NS, and (c) ZTSV PFE.
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ͷաఔͰݱΕΔ߹੒ΠϯϐʔμϯεͰ͋Γɺৄࡉ͸ Appendixʹͯࣔ͞
ΕΔɻ
ॳճͷΔ-ελʔม׵͸ Fig. 4.18(a)ʹࣔ͞ΕΔΑ͏ʹ AɺBɺEٴͼ
CɺDɺFͷ 3఺ؒͷج൘ωοτϫʔΫͷม׵Ͱ͋ΔɻFig. 4.18(b)ʹࣔ͞
ΕΔ 2ճ໨ͷΔ-ελʔม׵Ͱ͸ Zaٴͼ Zb͸ͦΕͧΕRBKͱ ZTSV NSɺ
RDLͱZTSV NSͷ௚ྻ߹੒Πϯϐʔμϯε͔Βࢉग़͞ΕɺZaɺZbʹՃ͑
ͯ REK͕ 3ཁૉ͔ΒͳΔϧʔϓߏ଄ͱݟͳͤΔͷͰม׵Λߦ͍ͬͯΔɻ
࠷ޙͷΔ-ελʔม׵Ͱ͋Δ Fig. 4.18(c)Ͱ͸ɺTࣈͷωοτϫʔΫʹ·
Ͱճ࿏มܗ͢Δ͜ͱʹΑΓϙʔτ ACؒͷΠϯϐʔμϯε͕ಋग़Մೳʹ
ͳΔɻ
TࣈωοτϫʔΫ͔Β 2ϙʔτ ZύϥϝλɺZ11,12,21,22ٴͼ 2ϙʔτ S
ύϥϝλɺS11,12,21,22͕ಋग़͞ΕΔɻ͜͜Ͱ֤ϙʔτؒͷ S12ύϥϝλ͕
ࡶԻ݁߹ڧ౓Ͱ͋Δɻ
Ҏ্ͷܭࢉաఔͰಘΒΕ֤ͨNSϒϩοΫؒͷࡶԻ݁߹ڧ౓ͷS12ύϥ
ϝλϓϩοτΛ Fig. 4.19ʹࣔ͢ɻFig. 4.14Ͱࣔͨ͠౳Ձճ࿏ʹΑΔ S12
ύϥϝλϓϩοτ΋·ͨFig. 4.19ʹࣔ͞Ε͍ͯΔɻ྆ऀ͕͍ۙ͜ͱ͔Β
ཁૉ਺Λ࡟ݮͨ͠౳Ձճ࿏͕ج൘݁߹Λٞ࿦͢ΔͨΊʹे෼ͳཁૉΛԡ
͍͑ͯ͞Δ͜ͱɺਖ਼͘͠ճ࿏มܗɾܭࢉ͞Ε͍ͯΔ͜ͱ͕ࣔ͞ΕΔɻ
4.4.4 ୯७Խج൘݁߹ϞσϦϯάʹΑΔղੳ݁Ռ
ࡾ࣍ݩੵ૚νοϓͷࡶԻ఻೻ʹ͓͚Δओཁ఻೻ܦ࿏͸ Fig. 4.18ʹࣔ
͞ΕΔ౳Ձճ࿏ʹΑΓղੳՄೳͰ͋Δɻ૚ؒ݁߹Ͱ͋ΔNS1ٴͼNS2ؒ
(“A” ٴͼ d “C”)ͷ఻೻ܦ࿏͸ TࣈωοτϫʔΫ (Fig. 4.18(c))ΑΓࣜ
(4.1)ͷΑ͏ʹಋग़͞ΕΔɻ
Z11AC = Zk + (Zi + Zf)//(Zj + Z0)
S11AC =
(
Z11AC
Z0
− 1
)
/
(
Z11AC
Z0
+ 1
)
S12AC = (1− S11AC) ·
(
Zi + Zf
Zi + Zf + Zj + Z0
)
(4.1)
૚಺݁߹ͷ৔߹͸ɺ1 GHzҎԼͷ௿प೾਺Ҭʹ͓͍ͯͦΕͧΕͷ૚ʹ
͓͚Δج൘݁߹ωοτϫʔΫ͕ࢧ഑తͰ͋Γɺߴप೾਺Ҭʹ͓͍ͯ͸Φϑ
νοϓΠϯϐʔμϯεͷΠϯμΫλϯε੒෼ͷӨڹ͕ൃੜ͍ͯ͠Δɻ͜
Ε͸ೋ࣍ݩ࣮૷ͷ৔߹ͱ΄΅ಉ༷Ͱ͋Δͱ͍͑Δɻ4.20(a)(b)಺ଠઢʹ֤
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૚಺݁߹ͷओཁ੒෼Λࣔ͢ɻ૚ؒ݁߹ͷ৔߹Ͱ͸ɺେ·͔ʹ௿प೾਺Ҭɺ
தؒप೾਺Ҭɺߴप೾਺Ҭͷ 3ͭͷྖҬʹ۠෼ՄೳͰ͋ΓɺͦΕΒྖҬ
ʹ͓͍ͯΠϯϐʔμϯεͷओཁ੒෼͕େ͖͘ҟͳΔɻ
௿प೾਺Ҭʹ͓͍ͯ͸ɺ༰ྔ༝དྷͷΠϯϐʔμϯεͷӨڹ͕ߴ͘ɺ༰
ྔ݁߹ΛؚΉཁૉ͸ΦʔϓϯͰ͋Δͱߟ͑Δ͜ͱ͕ՄೳͰ͋Δɻ͜ΕΛ
౿·͑ͨ৔߹௿प೾਺ҬͷZ11ɺS12͸ࣜ (4.2)ͷΑ͏ʹಋग़͞ΕΔɻࢧ഑
తͳཁૉ͸ Fig. 4.20(c)ʹࣔ͞ΕΔଠઢʹ૬౰͢Δɻ
Z11AC = (RAK +REK)
+Zoff//(RCL + ZTSV PFE +RFL + Z0)
S11AC =
(
Z11AC
Z0
− 1
)
/
(
Z11AC
Z0
+ 1
)
S12AC = (1− S11AC)
· Zoff
RCL + ZTSV PFE +RFL + Z0 + Zoff
(4.2)
தؒप೾਺ྖҬͰ͸ɺ༰ྔ݁߹CTSVͷӨڹ͕େ͖͘ɺ΋ͬͱ΋ࢧ഑త
ͳཁૉ͸ 1/jwCTSV ×NTSVͱද͢͜ͱ͕Ͱ͖Δɻ͜͜ͰɺNTSV͸ฒྻ
઀ଓ͞ΕͨTSVͷຊ਺Ͱ͋Δɻ
͞Βʹɺߴप೾਺Ҭʹ͓͍ͯ͸ɺCTSV͕γϣʔτύεͱݟͳͤɺ݁Ռ
ZTSV NSΛܦ༝͢Δܦ࿏͕ZTSV PFEΛܦ༝͢Δܦ࿏ͱൺֱ͠ࢧ഑తͱͳ
Δɻ͜ͷͱ͖ Z11͸ύϥϝλ͸૚ؒΛܨ͙શͯͷύεͷӨڹΛड͚ɺΦ
ϑνοϓΠϯϐʔμϯεͱಉ༷ɺॏཁͳཁૉͱͯ͠ߟྀ͢Δඞཁ͕͋Δɻ
ࢧ഑తͳཁૉ͸ Fig. 4.20(c)ʹࣔ͞ΕΔଠઢٴͼ఺ઢʹ૬౰͢ΔɺΦϑ
νοϓΠϯϐʔμϯεɺج൘఍߅ωοτϫʔΫɺTSVͱͳΔɻ
૚಺݁߹ͱ૚ؒ݁߹ʹ͓͍ͯɺܭࢉʹΑΓಘΒΕͨ Sύϥϝλͱ Fig.
4.11ɺ4.12ɺ4.13ΑΓಋग़͞ΕΔ࣮ଌ఻೻ࡶԻڧ౓Λൺֱͨ͠ɻ࣮ଌࡶԻ
఻೻ڧ౓͸ V0pͰධՁ͞Εɺ͜Ε͸࠷େిѹͱج४ిѹ (0 V)ͷࠩΛද
͢ɻFig. 4.21ʹܭࢉʹΑΓಘΒΕͨ S12ύϥϝλͱ࣮ଌࡶԻڧ౓ V0pͷ
ൺֱ݁ՌΛࣔ͢ɻϓϩοτΑΓɺج൘݁߹͕ओཁ੒෼ͱߟ͑ΒΕΔ૚಺݁
߹ʹ͓͍ͯ͸ɺࢉग़஋ٴͼ࣮ଌ஋ʹ͓͍ͯप೾਺ʹର͠มԽ͕খ͍͞܏
޲͕ڞ௨͍ͯ͠Δͱ͍͑Δɻ·ͨɺ૚ؒ݁߹ʹ͓͍ͯ΋࣮ଌ஋ͱͷҰக
౓͕ߴ͘ɺج൘ࡶԻ఻೻Λߟྀͨ͠ࡾ࣍ݩ࣮૷Ϟσϧ͕े෼ͳಛ௃Λଊ
͍͑ͯΔ͜ͱΛ͍ࣔͯ͠Δɻ
࣮ଌٴͼղੳ݁ՌΑΓɺج൘Λ෼ׂ͢Δ͜ͱʹΑΔج൘݁߹ܦ࿏ͷः
அ͸௿प೾਺ҬͷࡶԻʹର͠༗ޮͰ͋Δͱ͍͑Δɻ͔͠͠ͳ͕Βɺதؒ
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प೾਺ྖҬ͔Β͸ج൘ؒͷࡶԻ݁߹ڧ౓͕ແࢹͰ͖ͳ͘ͳΓɺࡶԻڧ౓
ͷมۂ఺ͱͳΔप೾਺͸TSVͷଆนʹ༝དྷ͢Δਫฏํ޲ͷ༰ྔ݁߹ʹґ
ଘ͢ΔɻҎ্ͷ͜ͱ͔Βɺࡾ࣍ݩ࣮૷؀ڥ಺ʹ͓͚Δճ࿏ؒͷࡶԻ݁߹
Λߟྀ͢Δࡍʹɺج൘݁߹ٴͼTSVͷ༰ྔ݁߹ΛߟྀʹೖΕͨఏҊϞσ
ϧ͕༗ޮͰ͋Δɻ
4.5 ݁ݴ
ຊষͰ͸ɺ3࣍ݩ࣮૷؀ڥͰͷϊΠζ఻೻ΛධՁ͢ΔͨΊʹΦϯνοϓ
ϞχλγεςϜٴͼࡶԻݯΛ౥ࡌͨ͠νοϓΛࢼ࡞ɾධՁ͠ɺղੳϞσ
ϧΛ࡞੒͠ൺֱݕূ͢Δ͜ͱͰɺ3࣍ݩ࣮૷؀ڥʹ͓͚ΔࡶԻ఻೻ಛੑͷ
प೾਺ґଘੑΛࣔͨ͠ɻ
ຊষͰ༻͍ͨ 2૚ੵ૚ςετνοϓ͸ 130nm CMOSɺϏΞϛυϧɺ௚
ܘ 5μmɺߴ͞ 25μmͷಔTSVΛ࢖༻͍ͯ͠Δɻ૚಺ͱ૚ؒΛ఻ΘΔϊΠ
ζͰ͸໌Β͔ͳप೾਺ಛੑͷҧ͍͕֬ೝ͞Εɺ௿प೾Ͱ͸૚಺݁߹͕ࢧ
഑తͰ͋ͬͯ΋ɺߴप೾Ͱ͸TSV༝དྷͷ༰ྔ݁߹ʹΑΓ૚ؒ݁߹͕ࢧ഑
తͱͳΔέʔε͕࣮ଌʹΑΓ֬ೝ͞Εͨɻ·ͨɺ૚Λލ͍ͩ৔߹ɺج൘
ϊΠζ͸ 1 GHzҎԼͷप೾਺ʹ͓͍ͯ૚಺Λ఻ΘΔϊΠζΑΓ΋௿͘ɺ
௿प೾ਮʹ͓͍ͯ૚ͷ෼཭ʹΑΔج൘ϊΠζ௿ݮޮՌ͕͋Δ͜ͱ͕ࣔ͞
Εͨɻ
ج൘݁߹Λ࠶ݱ͢ΔͨΊͷूதఆ਺ճ࿏ʹΑΔղੳϞσϧΛ࡞੒ͨ͠ɻ
ղੳϞσϧ͸ج൘΁ͷ༰ྔ݁߹Λߟྀͨ͠ TSVϞσϧɺPCBϨΠΞ΢
τΑΓநग़ͨ͠ΠϯϐʔμϯεϞσϧ΋ؚΜͰ͍Δɻಉ࣌ʹ্هϞσϧ
ΑΓओཁͳडಈૉࢠͷΈΛநग़ͨ͠୯७ԽϞσϧ΋࡞੒͠ɺΔ-ελʔม
׵ʹΑΓ Zύϥϝλٴͼ SύϥϝλΛ͜ΕΒओཁૉࢠͷύϥϝλͷΈͰ
දݱ͢Δ͜ͱ͕Ͱ͖ͨɻ͜ΕΒͷϞσϧΛ࢖༻ͨ͠ղੳ݁Ռ͔Β΋࣮ଌ
஋ͱಉ༷ͷप೾਺ґଘੑ͕֬ೝ͞Εɺडಈૉࢠύϥϝλͷܭࢉ݁ՌΑΓ
S12ύϥϝλɺϊΠζ఻೻ڧ౓͕දݱ͞ΕΔ͜ͱΛࣔͨ͠ɻ
ج൘ϊΠζΛߟྀͨ͠౳Ձճ࿏ϞσϧΛ༻͍Δ͜ͱͰɺ3࣍ݩੵ૚ LSI
ʹ͓͚Δઃܭઓུ͕ࣔ͞ΕΔɻ૚಺ͷϊΠζ݁߹ͱಉ༷ʹ૚ؒͷϊΠζ
݁߹͸ɺͦΕΒTSVͷຊ਺ɺҐஔɺ༰ྔ஋౳ΛؚΉ୯७ͳ਺ࣜʹͯ༧ଌ
ՄೳͰ͋Δ͜ͱΛࣔͨ͠ɻҎ্ͷ͜ͱ͔Βɺ3࣍ݩੵ૚LSIͷઃܭʹ͓͍
ͯɺॴ๬ͷप೾਺ʹ͓͍ͯϊΠζ఻೻Λ੍ޚ͢ΔͨΊʹج൘ٴͼPDNͷ
ઓུతͳ෼཭͕ͳ͞ΕΔ΂͖Ͱ͋ΓɺࡶԻݯͱͳΔճ࿏ٴͼࡶԻʹऑ͍
ճ࿏ͷTSVͷ༰ྔɾҐஔؔ܎Λॏࢹ͢΂͖Ͱ͋Δɻ
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Figure 4.18: Transformation process to derive T-shaped network (in-
ter-tier coupling).
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Figure 4.19: Simulated and calculated S-parameters.
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Figure 4.20: Dominant propagation path at high/low frequency in the
case of (a) top intra-tier coupling, (b) bottom intra-tier coupling, and (c)
inter-tier coupling.
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Figure 4.21: Comparison of V0p by measurements with S-parameters in
calculation.
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Figure 4.22: Transformation process to derive T-shaped network (in-tier
coupling).
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4.6 Appendix
૚ؒ݁߹
Fig. 4.18ʹࣔ͞ΕΔ૚ؒ݁߹ڧ౓ಋग़ͷͨΊͷΔ-ελʔม׵͸ҎԼͷ
ࣜʹΑΓಋग़͞ΕΔɻstep 1Ͱ͸ɺ৽ͨͳϊʔυKٴͼ L͕Δ-ελʔม
׵ʹΑΓઃఆ͞ΕΔɻ
RAK =
RAB ·RAE
RAB +RAE +RBE
RBK =
RAB ·RBE
RAB +RAE +RBE
REK =
RBE ·RAE
RAB +RAE +RBE
RCL =
RCD ·RCF
RCD +RCF +RDF
RDL =
RCD ·RDF
RCD +RCF +RDF
RFL =
RDF ·RCF
RCD +RCF +RDF
(4.3)
step 2ͷલʹɺ߹੒Մೳͳ௚ྻΠϯϐʔμϯε͕ Zaͱ Zbͱͯ͠·ͱ
ΊΒΕΔɻ
Za = ZTSV NS +RBK +RDK
Zb = ZTSV PFE +RFL (4.4)
2౓໨ͷΔ-ελʔม׵͸ҎԼͷΑ͏ʹ࣮ߦ͞ΕΔɻ
Zc =
REK · Zb
REK + Zb + Za
Zd =
Zb · Za
REK + Zb + Za
Ze =
REK · Za
REK + Zb + Za
(4.5)
step 3ͷલʹɺ߹੒Մೳͳ௚ྻΠϯϐʔμϯε͕ZfɺZgɺZhͱͯ͠·
ͱΊΒΕΔɻ
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Zf = Zc + Zoff
Zg = RCL + Zd
Zh = RAK + Ze (4.6)
࠷ޙͷΔ-ελʔม׵͸ҎԼͷΑ͏ʹ࣮ߦ͞ΕΔɻ
Zi =
Zh · Zg
Zh + Zg + ZTSV NS
Zj =
Zg · ZTSV NS
Zh + Zg + ZTSV NS
Zk =
Zh · ZTSV NS
Zh + Zg + ZTSV NS
(4.7)
਺ࣜ (4.1)ʹࣔ͞ΕΔZ11ɺS11ɺS12͸͜ΕΒͷ਺஋ʹΑΓදݱՄೳͰ
͋Δɻ
૚಺݁߹
Fig. 4.22ʹࣔ͞ΕΔNS3ͱNS4ؒ (“C” “D”ؒ)ͷ૚಺݁߹༰ྔͷಋ
ग़͸ҎԼͷ਺ࣜʹΑΓߦΘΕΔɻ
step 1Ͱ͸ɺ৽ͨͳϊʔυKٴͼL͕Δ-ελʔม׵ʹΑΓઃఆ͞ΕΔɻ
step 2ͷલʹɺ߹੒Մೳͳ௚ྻΠϯϐʔμϯε͕ Zlͱ Zmͱͯ͠·ͱΊ
ΒΕΔɻ
Zb͸ (4.8)ͱಉ༷ͷཁૉͷ߹੒Ͱ͋Δɻ
Zl = ZTSV NS +RAK
Zm = ZTSV NS +RBK (4.8)
1౓໨ͷΔ-ελʔม׵͸ҎԼͷΑ͏ʹ࣮ߦ͞ΕΔɻ
Zn =
RCL ·RDL +RCL · Zb +RDL · Zb
RCL
Zp =
RCL ·RDL +RCL · Zb +RDL · Zb
Zb
Zq =
RCL ·RDL +RCL · Zb +RDL · Zb
RDL
(4.9)
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2౓໨ͷΔ-ελʔม׵͸ҎԼͷΑ͏ʹ࣮ߦ͞ΕΔɻ
Zr =
Zl · Zm + Zl ·REK + Zm ·REK
Zl
Zs =
Zl · Zm + Zl ·REK + Zm ·REK
Zm
Zt =
Zl · Zm + Zl ·REK + Zm ·REK
REK
(4.10)
ϊʔυCEDؒɺZnɺZpɺZqɺZrɺZsɺZt͸ฒྻͷΠϯϐʔμϯεͱ
ݟͳ͢͜ͱ͕Ͱ͖Δɻstep 4ͷલʹɺ߹੒ՄೳͳΠϯϐʔμϯε͕ Zuɺ
ZvɺZwͱͯ͠·ͱΊΒΕΔɻ
Zu = Zs//Zq
Zv = Zr//Zn
Zw = Zt//Zp (4.11)
࠷ޙͷΔ-ελʔม׵͸ҎԼͷΑ͏ʹ࣮ߦ͞ΕΔɻ
Zx =
Zu · Zw
Zu + Zv + Zw
Zy =
Zu · Zv
Zu + Zv + Zw
Zz =
Zw · Zv
Zu + Zv + Zw
(4.12)
Z11ɺS11ɺS12ύϥϝλ͸ҎԼͷΑ͏ʹܭࢉ͞ΕΔɻ
Z11CD = Zx + (Zy + Zoff)//(Zz + Z0)
S11CD =
(
Z11CD
Z0
− 1
)
/
(
Z11CD
Z0
+ 1
)
S12CD = (1− S11CD) ·
(
Zy + Zoff
Zy + Zoff + Zz + Z0
)
(4.13)
௿प೾Ҭʹ͓͚Δ૚ؒ݁߹
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ࣜ (4.2)ʹ͓͚Δ௿प೾਺Ҭʹ͓͚ΔΠϯϐʔμϯε͸ҎԼͷΑ͏ʹಋ
ग़͞ΕΔɻ
ZTSV NS͸CTSVͷ௿प೾਺Ҭʹ͓͚ΔΠϯϐʔμϯε͕े෼ʹେ͖͍
ͨΊҎԼͷΑ͏ʹ୯७Խ͞ΕΔɻ
ࣜ (4.1)ʹ͓͚ΔZkɺZiɺZfɺZj͸RAK+REKɺ0ɺZoffɺRCL+ZTSV PFE+
RFLʹۙࣅՄೳͰ͋Γɺͦ ΕͧΕࣜ (4.14)(4.15)(4.16)(4.17)(4.18)(4.19)ʹ
ࣔ͞ΕΔɻ
Zk =
Zh · ZTSV NS
Zh + Zg + ZTSV NS
≈ Zh (4.14)
Zh = RAK + Ze
= RAK +
REK · Za
REK + Zb + Za
= RAK +
REK · (ZTSV NS +RBK +RDK)
REK + Zb + (ZTSV NS +RBK +RDK)
≈ RAK +REK (4.15)
Zi =
Zh · Zg
Zh + Zg + ZTSV NS
≈ 0 (4.16)
Zf = Zc + Zoff
=
REK · Zb
REK + Zb + (ZTSV NS +RBK +RDK)
+ Zoff (4.17)
≈ Zoff (4.18)
Zj =
Zg · ZTSV NS
Zh + Zg + ZTSV NS
≈ Zg
Zg = RCL + Zd
= RCL +
Zb · Za
REK + Zb + Za
= RCL +
Zb · (ZTSV NS +RBK +RDK)
REK + Zb + (ZTSV NS +RBK +RDK)
≈ RCL + Zb
Zb = ZTSV PFE +RFL
Zj ≈ RCL + ZTSV PFE +RFL (4.19)
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͜ΕΒͷࣜʹΑΓɺࣜ (4.2)௿प೾Ҭʹ͓͚ΔZ11AC͸ҎԼͷΑ͏ʹܭ
ࢉՄೳͰ͋ΔɻS11ACٴͼ S12ACʹ͍ͭͯ΋ಉ༷Ͱ͋Δɻ
Z11AC = Zk + (Zi + Zf)//(Zj + Z0)
= (RAK +REK)
+Zoff//(RCL + ZTSV PFE +RFL + Z0) (4.20)
௿प೾਺Ҭʹ͓͚Δ૚಺݁߹
ZlɺZmɺZTSV NS͸CTSVͷ௿प೾਺Ҭʹ͓͚ΔΠϯϐʔμϯε͕े෼
ʹେ͖͍ͨΊҎԼͷΑ͏ʹ୯७Խ͞ΕΔɻ
Zaa = RCL ·RDL +RCL · Zb +RDL · Zb (4.21)
ࣜ (4.11)ʹ͓͚Δ Zu, Zv, and Zw͸ Zlٴͼ Zm͕े෼ʹେ͖͍ͨΊɺ
ҎԼͷΑ͏ʹۙࣅ͞ΕΔɻ
Zu = Zs//Zq
=
Zl · Zm + Zl ·REK + Zm ·REK
Zm
//
Zaa
RDL
≈ Zaa
RDL
Zv = Zr//Zn
=
Zl · Zm + Zl ·REK + Zm ·REK
Zl
//
Zaa
RCL
≈ Zaa
RCL
Zw = Zt//Zp
=
Zl · Zm + Zl ·REK + Zm ·REK
REK
//
Zaa
Zb
≈ Zaa
Zb
(4.22)
ࣜ (4.12)Ͱͷ Zx͸ҎԼͷΑ͏ʹRCLʹۙࣅՄೳͰ͋Δɻಉ༷ʹɺZy
ͱZz΋ZTSV PFE +RFLͱRDLʹͦΕͧΕۙࣅՄೳͰ͋Δɻ
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Zx =
Zu · Zw
Zu + Zv + Zw
=
Zaa
RDL
· Zaa
Zb
Zaa
RCL
+ Zaa
Zb
+ Zaa
RDL
=
1
RDL
· 1
Zb
1
RCL
+ 1
Zb
+ 1
RDL
Zaa
=
1
RDL·Zb
Zaa
RCL·Zb·RDL
Zaa
=
RCL · Zb ·RDL
RDL · Zb
= RCL
Zy =
Zu · Zv
Zu + Zv + Zw
= Zb
= ZTSV PFE +RFL
Zz =
Zw · Zv
Zu + Zv + Zw
= RDL (4.23)
͜ΕΒͷ਺ࣜΑΓɺ௿प೾਺Ҭʹ͓͚Δ Z11CD͸ҎԼͷΑ͏ʹಋग़Մ
ೳͰ͋ΓɺS11CDͱ S12CDʹ͍ͭͯ΋ܭࢉՄೳͰ͋Δɻ
Z11CD = Zx + (Zy + Zoff)//(Zz + Z0)
= RCL + (ZTSV PFE +RFL + Zoff)//(RDL + Z0)
S11CD =
(
Z11CD
Z0
− 1
)
/
(
Z11CD
Z0
+ 1
)
S12CD = (1− S11CD)
· ZTSV PFE +RFL + Zoff
ZTSV PFE +RFL + Zoff +RDL + Z0
(4.24)
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ຊ࿦จͰ͸ɺෳࡶԽ͢Δ 3࣍ݩ࣮૷ LSIͷઃܭઓུʹؔͯ͠ج൘ϊΠ
ζʹண໨͠ɺΦϯνοϓϞχλγεςϜΛԠ༻ͨ͠૚಺ධՁγεςϜͷ
ߏஙٴͼ࣮ଌɺج൘ϊΠζΛߟྀͨ͠౳ՁϞσϧΛఏҊͨ͠ɻ
ۙ೥ͷٕज़ൃలʹ൐͍ɺεϚʔτϑΥϯʹ୅ද͞ΕΔܞଳ୺຤ͷଟػ
ೳԽɾߴੑೳԽ΍ɺंࡌΤϨΫτϩχΫεͷଟ༷Խɾߴਫ਼౓Խ͕ਐΊΒΕ
͍ͯΔɻܞଳ୺຤ʹ͓͍ͯ͸αʔϏεͷଟ༷ԽʹΑΓɺ౥ࡌ͞ΕΔϓϩ
ηαͷੑೳཁٻ΋্ঢ܏޲ʹ͋Δɻ͞Βʹܞଳ୺຤͸খܕܰྔ͕๬·͠
͘ɺ͞Βʹ͸ফඅిྗ΋཈͑ΒΕͳ͚Ε͹ͳΒͳ͍ͨΊɺ෦඼఺਺ɾ࣮૷
໘ੵͷॖখཁٻ͕͋Δɻंࡌ൒ಋମʹ͓͍ͯ͸ߴ౓Ͱ҆શͳӡసิॿγ
εςϜɺকདྷతʹ͸ࣗಈӡసγεςϜ΁ͷظ଴ͷͨΊߴੑೳͳηϯαʔ
ͱͷ༥߹ɺࢹ֮৘ใͷߴ౓ͳॲཧͱσΟϖϯμϏϦςΟͷ֬อͳͲɺ·
͢·͢ଟػೳԽɾେن໛Խ͕ਐΉͱ༧૝͞ΕΔɻ
͜ΕΒʹڞ௨ͯ͠ݴ͑Δͷ͸ɺલड़ͨ͠ཁٻΛຬͨ͢TSVΛ༻͍ͨ 3
࣍ݩੵ૚൒ಋମ΁ͷظ଴Ͱ͋Δɻ3࣍ݩੵ૚൒ಋମͰ͸ɺRFճ࿏ϒϩο
Ϋ΍Ξφϩά৴߸ॲཧɺߴਫ਼౓ͳηϯαϒϩοΫΛ֤ճ࿏ʹ࠷దͳϓϩ
ηεͰ੡଄͠ɺϓϩηα΍ϝϞϦͱ઀ଓՄೳͰ͋Δɻ͞Βʹνοϓͷ೚
ҙͷՕॴʹ௿ෛՙɾ௿஗Ԇͳ઀ଓΛܗ੒Ͱ͖ɺߴ଎ɾߴϏοτ෯ɾ௿ফඅ
ిྗͷཱ͕྆ՄೳͰ͋Δɻ·ͨɺ֤ճ࿏ϒϩοΫΛฏ໘తʹฒ΂ΔͷͰ
͸ͳ͘ਨ௚ํ޲ʹελοΫ͢ΔͨΊ࣮૷໘ੵ͕খ͘͞ɺ૿େ͢Δճ࿏ن
໛ʹؔͯ͠΋ฏ໘ํ޲ʹνοϓαΠζΛ֦େ͢ΔΑΓੑೳͱาཹ·ΓΛ
֬อ͠΍͍͢ɻ
3࣍ݩੵ૚ͷར఺͸਺ଟ͋͘Δ͕ɺ੡଄ίετɺઃܭͷෳࡶԽɺਨ௚݁
߹ʹΑΔ݁߹ܥͷෳࡶԽ͕՝୊Ͱ͋Δͱ͍͑Δɻಛʹճ࿏ͷ૬ޓׯবΛ
ট͘ϊΠζʹண໨ͨ͠৔߹ɺ෼཭ͨ͠ج൘ʹΑΔج൘ϊΠζͷ෼அ͕ߟ
͑ΒΕΔͱಉ࣌ʹɺTSVͷଆน͔Βج൘΁ͷϊΠζਐೖʹΑΓɺฏ໘࣮
૷࣌ΑΓ΋ϊΠζ఻೻ܦ࿏͕ۙ͘ͳͬͯ͠·͏͜ͱ΋ݒ೦͞ΕΔɻͦ͜
Ͱɺຊ࿦จ͸ 3࣍ݩ࣮૷ʹ͓͚ΔϊΠζ఻೻ͷධՁͱɺճ࿏ؒͷϊΠζ
݁߹ʹண໨ͨ͠ઃܭࢦ਑ͷಋग़ʹ͍ͭͯͷݚڀΛߦͬͨɻ
ୈ 2ষͰ͸ɺ3࣍ݩ࣮૷ʹ͓͚Δ಺෦೾ܗධՁͷཁͱͳΔΦϯνοϓ೾
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ܗऔಘγεςϜʹ͍ͭͯٞ࿦ͨ͠ɻνοϓ಺෦ͷిݯٴͼάϥ΢ϯυϊΠ
ζɺ৴߸Λߴਫ਼౓ධՁ͢ΔΦϯνοϓϞχλγεςϜΛఏҊɺগ໘ੵΦʔ
όʔϔουͷ೾ܗݕग़ճ࿏ɺ೾ܗऔಘͷ࣌ؒίετΛ࠷খԽ͢ΔΞϧΰ
ϦζϜΛ༻͍ͨධՁܗΛߏங͠ɺ೾ܗऔಘ੍౓ٴͼ଎౓ͷධՁΛߦͬͨɻ
݁Ռɺ65 nm CMOSϓϩηεʹͯࢼ࡞ͨ͠ςετνοϓΛ༻͍ɺSNDR
Ͱ 56.1 dBɺSFDRʹ͓͍ͯ 60.7 dBͷੑೳΛ࣮ݱ͠ɺ༗ޮϏοτ਺ʹ͓
͍ͯ 9bit૬౰ͷੑೳ͕͋Δ͜ͱΛࣔͨ͠ɻ·ͨɺΞϧΰϦζϜద༻લͱ
ൺֱ͠ 99.34%ͷ೾ܗऔಘͷޮ཰ԽΛୡ੒ͨ͠ɻ͜ΕΒͷ࣮ଌ݁ՌΛಈ࡞
ϞσϧΛ༻͍ͨղੳʹͯ࠶ݱ͠ɺδολ΍ిѹόϥ͖ͭΛߟྀͨ͠೾ܗ
औಘγεςϜͦͷ΋ͷͷಈ࡞ղੳΛՄೳͱͨ͠ɻ
ୈ 3ষͰ͸ɺ3࣍ݩ࣮૷LSIͷ಺෦೾ܗऔಘͷͨΊͷϞχλγεςϜߏ
੒Λࣔͨ͠ɻ·ͨɺDACͱ֎෦λΠϛϯάݯɺΦϯνοϓ࣮૷͞Εͨి
ѹݯͱλΠϛϯάݯΛ༻͍ͨଌఆܥΛͦΕͧΕఏҊ͠ɺ࣮ଌධՁʹΑΔ
ઢܗੑͱ೾ܗऔಘ଎౓ͷධՁΛߦͬͨɻΦϯνοϓిѹݯɾλΠϛϯά
ݯΛ FPGAͰ੍ޚ͢Δ͜ͱʹΑΓ PCͱͷ௨৴Φʔόʔϔου͕ܰݮ͞
ΕɺΦϑνοϓͷిѹɾλΠϛϯάΛ༻͍Δ৔߹ͱൺֱͯ͠ 5.8ഒͷߴ଎
ԽޮՌ͕ಘΒΕͨɻ3࣍ݩੵ૚LSIʹϞχλγεςϜΛ౥ࡌ͠ɺ্૚μΠ
ʹೖྗ͞Εͨਖ਼ݭ೾ΛԼ૚μΠʹͯऔಘɺνοϓελοΫʹΑΓӅΕͨ
ྖҬͰͷ೾ܗऔಘΛୡ੒ͨ͠ɻ
ୈ 4ষͰ͸ɺ3࣍ݩ࣮૷LSIͷࢼ࡞ٴͼධՁΛߦ͍ɺ؆қͳ౳Ձճ࿏Ϟ
σϧ͔Βઃܭࢦ਑Λಋग़ͨ͠ɻ130 nm CMOSϓϩηεͰࢼ࡞͞Εͨνο
ϓΛ 2૚ੵ૚͠ɺνοϓؒΛ௚ܘ 5μmɺߴ͞ 25μmͷಔTSVͰ઀ଓͨ͠ɻ
࣮ଌධՁʹΑΓࡶԻݯ͔ΒͷϊΠζΛධՁͨ݁͠Ռɺ૚಺ͱ૚ؒΛ఻Θ
ΔϊΠζͰ͸໌Β͔ͳप೾਺ಛੑͷҧ͍͕֬ೝ͞Εɺج൘Λ෼཭ͨ݁͠
Ռ 1 GHz·Ͱͷप೾਺Ͱج൘ϊΠζ఻೻͕໌Β͔ʹݮਰ͞Ε͍ͯΔ͜ͱ
͕ࣔ͞Εͨɻ·ͨɺ͜ΕΒ࣮ଌ݁ՌΛ࠶ݱ͢ΔͨΊͷղੳϞσϧΛ࡞੒ɺ
࣮ଌͱҰக͢Δ܏޲Λ֬ೝͨ͠ɻ·ͨɺճ࿏มܗʹΑΓ݁߹ܦ࿏Λ୯७
ͳ਺ࣜͰදݱ͠ɺ౳Ձճ࿏தͷ֤ύϥϝλ͔ΒɺϊΠζͷ఻೻ڧ౓Λ S12
ύϥϝλͱͯ͠ಋग़͢Δ͜ͱΛՄೳʹͨ͠ɻ૚಺ͷϊΠζ݁߹ͱಉ༷ʹ
૚ؒͷϊΠζ݁߹͸ɺͦΕΒTSVͷຊ਺ɺҐஔɺ༰ྔ஋౳ΛؚΉ୯७ͳ
਺ࣜʹͯ༧ଌՄೳͰ͋Δ͜ͱΛࣔͨ͠ɻҎ্ͷ͜ͱ͔Βɺ3࣍ݩੵ૚ LSI
ͷઃܭʹ͓͍ͯɺॴ๬ͷप೾਺ʹ͓͍ͯϊΠζ఻೻Λ੍ޚ͢ΔͨΊʹج
൘ٴͼPDNͷઓུతͳ෼཭͕ͳ͞ΕΔ΂͖Ͱ͋ΓɺࡶԻݯͱͳΔճ࿏ٴ
ͼࡶԻʹऑ͍ճ࿏ͷTSVͷ༰ྔɾҐஔؔ܎͸ಛʹॏࢹ͞ΕΔ΂͖Ͱ͋Δ
͜ͱΛࣔͨ͠ɻ
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͜ΕΒͷݚڀ੒Ռ͸ɺࠓޙ͞Βʹूੵ౓ɾੵ૚਺͕૿Ճ͢Δͱߟ͑Β
ΕΔ 3࣍ݩੵ૚LSIɺಛʹΞφϩάͱσδλϧ͕ࠞࡌ͞Εͨҟछ౷߹γε
ςϜʹ͓͍ͯϊΠζ఻೻཈੍ͷࢦඪͱͳΔ͜ͱ͕ߟ͑ΒΕΔɻ·ͨɺج
൘ͷ෼཭ʹ୅ද͞ΕΔϊΠζ఻೻཈੍ޮՌΛ 3࣍ݩ࣮૷ LSI಺෦Ͱ֬ೝ
͢ΔͨΊʹ͸ɺ࣮ଌධՁͱղੳͷൺֱʹΑΔߍਖ਼͸ॏཁͰ͋Γɺຊ࿦จ
ͰఏҊͨ͠Α͏ͳ௿໘ੵΦʔόʔϔουͰ؆қͳΦϯνοϓධՁखஈ͸
ෆՄܽͰ͋Γɺ·ͨෳࡶԽͨ͠γεςϜͰൃੜ͠͏Δෆ۩߹ͷݪҼ௥ٴ
ʹ΋༗༻Ͱ͋Δͱݴ͑Δɻ
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ຊݚڀͷػձΛ༩͍͖͑ͯͨͩݚڀͷ͝ࢦಋΛࣀΓ·ͨ͠ਆށେֶେ
ֶӃγεςϜ৘ใֶݚڀՊɾӬా ਅ ڭतʹਂ͘ײँக͠·͢ɻຊݚڀͷ
਱ߦʹ͋ͨΓݚڀػࡐͷ੔උʹޚਚྗ͍ͨͩ͘ͱͱ΋ʹɺऴ࢝ʹΘͨͬ
ͯ࠙੾ͳΔޚࢦಋɺޚฬᎪΛࣀΓ·ͨ͠ɻ৺ΑΓײँ͍ͨ͠·͢ɻ
ຊ࿦จΛ·ͱΊΔʹ͋ͨΓوॏͳޚॿݴɺޚࢦಋΛ͍͖ͨͩ·ͨ͠γ
εςϜ৘ใֶݚڀՊɾ٢ຊ խ඙ ڭतɺγεςϜ৘ใֶݚڀՊɾత৔ म
ڭतɺγεςϜ৘ใֶݚڀՊɾେ઒ ߶௚ ڭतʹਂ͘ײँ͍ͨ͠·͢ɻ
ݚڀੜ׆ʹؔͯ͠Կ͔ͱޚੈ࿩ʹͳΓݚڀʹݶΒ༷ͣʑͳࢹ໺͔Β೔ʑ
ޚٞ࿦ଷ͖·ͨ͠ಉֶՊɾחా ेࡾ࿠ ߨࢣɺࡾӜ య೭ ಛ໋ॿڭʹਂ͘
ײँͷҙΛද͠·͢ɻ
ݚڀ਱ߦʹ͋ͨͬͯࣄ຿खଓ͖Λ͸͡Ίɺଟ͘ͷ͝ࢧԉΛ௖͍ͨγε
ςϜ৘ใֶݚڀՊ৘ใՊֶઐ߈ ৘ใγεςϜߨ࠲ ൿॻ ௶Ҫ ࠼ ࢯʹײँ
க͠·͢ɻ
ຊݚڀͷҰ෦͸൒ಋମཧ޻ֶݚڀηϯλʔ (STARC)ͷڠྗͷԼߦΘΕ
·ͨ͠ɻڞಉݚڀऀͱͯ͠ɺ׆ൃͳٞ࿦ͱଟ͘ͷॿݴΛ͍͍ͨͩͨ౦ ৻
Ұ࿠ ࢯ (γϟʔϓ)ɺେۼ ޺໌ ࢯ (ϧωαεΤϨΫτϩχΫε)ɺখྛ म
ࢯ (෋࢜௨ݚڀॴ)ɺૣా ੐໌ ࢯ (ϧωαεΤϨΫτϩχΫε)ɺಓਖ਼ ࢤ
࿠ ࢯ (ύφιχοΫ)ɺਿຊ ӹن ࢯ (STARC)ɺฏా խن ࢯ (ϧωαε
ΤϨΫτϩχΫε)ɺӹࢠ ߞҰ࿠ ࢯ (ΤΠΞʔϧςοΫ)ɺ৿ ढ़඙ ࢯ (෋
࢜௨ݚڀॴ)ʹײँக͠·͢ɻ
ຊݚڀͷҰ෦͸ϕϧΪʔͷ imecͷڠྗͷԼߦΘΕ·ͨ͠ɻڞಉݚڀऀͱ
ͯ͠ɺ׆ൃͳٞ࿦ͱ͝ࢦಋ௖͍ͨGeert Van der PlasࢯɺJaemin Kim (ݱ
Silicon Image)ࢯɺNikolaos MinasࢯɺPaul MarchalࢯɺYoussef Travaly
(ݱ IBAB) ࢯɺMichael Libois ࢯɺAntonio La Manna ࢯɺWenqi Zhang
ࢯɺGerald Beyer ࢯɺRyckaert Julien ࢯɺCe´sar Roda Neve ࢯɺStefan
Cosemans ࢯɺMiroslav Cupa´kࢯɺSun Xiao ࢯErik Jan Marinissen ࢯɺ
Jonghoon Cho (Samsung) ࢯɺEric Beyne ࢯʹײँ͍ͨ͠·͢ɻ
ݚڀάϧʔϓͷઌഐͱͯ͠ݚڀΛਪਐ͠ɺ·ͨݚڀ͚ͩͰͳ͘ݚڀࣨ
ͷ೔ৗੜ׆ʹؔͯ͠΋ޚॿݴɺޚࢦಋΛ͍͖ͨͩ·ͨ͠ڮా ୓ࢤ ࢯ (ݱ
෋࢜௨ݚڀॴ)ɺதډ ప ࢯ (ݱ ѴԽ੒ΤϨΫτϩχΫε)ɺۙ੒ ૱ࢤ ࢯ
(ݱ ѴԽ੒ΤϨΫτϩχΫε)ʹײँ͍ͨ͠·͢ɻ
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ಉ͡ݚڀάϧʔϓͱͯ͠ຊݚڀʹ͓͚Δॾ࡞ۀʹ༷ؔͯ͠ʑͳޚڠྗΛ
ଷ͖·ͨ͠ߴ໦ ߁ক ࢯɺ্ా ࡊੜ ࢯɺࡾӜ འే ࢯʹײँ͍ͨ͠·͢ɻ
ݚڀࣨͰͷ೔ৗੜ׆ʹ͓͍͓ͯੈ࿩ʹͳΓ·ͨ͠CS26ͷօ༷ɺޙഐͱ
༷ͯ͠ʑͳޚڠྗଷ͖·ͨ͠CS26 LSIάϧʔϓͷॾࢯʹײँਃ্͛͠·
͢ɻಛʹɺখࡔ େี ࢯ (ΤΠΞʔϧςοΫ)ɺদ໺ ఩࿠ ࢯ (ݱ ϧωαε
ΤϨΫτϩχΫε)ɺಉ͡ത࢜՝ఔʹ͓͍ͯٞ࿦Λ௨ͯ͡ݚڀ΁ͷܹࢗΛ
௖͍ͨখྛ ਐ ࢯ (ϧωαεΤϨΫτϩχΫε)ɺԞຊ ݈ ࢯ (ύφιχο
Ϋ)ɺࡔ౦ ཁࢤ ࢯ (ݱ ύφιχοΫ)ɺᖒా ୎໵ ࢯ (ݱ ϝΨνοϓε)ɺ
٢઒ ܆ฏ ࢯɺ౦ ௚໼ ࢯɺߴ୩ ૱ ࢯɺ౻ຊ େհ ࢯʹ͸͋ΒͨΊͯײँ
ͷҙΛද͠·͢ɻ
ຊݚڀͷҰ෦͸ɺ૯຿লి೾ར༻੍౓ʮߴ଎ɾߴ඼࣭ͳແઢ௨৴࣮ݱ
ͷͨΊͷ ICνοϓϨϕϧͷ௿ϊΠζԽٕज़ͷݚڀ։ൃʯͷҰ෦ͱͯ͠ߦ
ΘΕ·ͨ͠ɻؔ܎ऀ֤Ґʹਂ͘ײँͷ೦Λද͠·͢ɻ
࠷ޙʹࢲΛҭֶͯۀʹରͯ͠ͷ࠷େݶͷԉॿΛԼ͍͞·ͨ྆͠਌ͳΒ
ͼʹՈ଒ʹ৺ΑΓײँ͠·͢ɻ
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